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. ABSTRACT

‘a
-
The design and developzent of piezoelectric fransducer arrays
suitable for use in electronically scanned and focused acoustic
imaging systems is described. These arrays are designed to operate
in the frequency range 2 -5 MHz within 45X to 80Z fractionzl bard-
widths. Linear arrays of up to 180 elements have been built and
used extensively in acoustic inaging systems. Particular attention
is placed on achieving high transdic!:mn efficiency and angular beam-
widths of at least 215°. - | v ik .

-~ S -

Design techniques based on the tranﬂissign line model of the
transducer of Krizholtz, leedoa, and Matthael are formulated for
achieving efficient, broadband operation. These techalques involve
the use of quarter-wave matching layers betweean a high izpedance
ceranic and a low izpedance locad. Brcadband satching cziteria are
generated, and a novel technique for selecting tha quarier wave

=zatching layer izpedances is described. The theore:icai transient

resp of the transd is obzaincd by taking the Fouvri«r Trans-~
fora of the transfer function of che transducer. an experizental
transducer built using the foizmulated design techniques is described
and {ts chazscreristics cozpared to theory.

Slot sl .ransducer arrays ecplcoying tall, narrow elements are
ge-~nribed. A one-dizmensional mwdel of this kind of element is forzu-
13ted, and the effects of covnling between element resonant moces are
exenined. ¢ variaciangy: .hecry for che effective radiation ixzpedance

.\‘
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of a narrow elezent is formulated, and the effect of this iampedance
on the transducer characteristics is described. Experimental results
with simple, highly backed arrays o 100 to 120 elements as well as an
180 element double quarter-wave i =cray are compared with the
theoretical prediccions. A brief ad stion of the effacts of array
cross-coupling on the elezent spatial fr'equency respoase is included.
The theory of unslotted, monolithic transducer arrays is presented
aleng with Experiaental results with sizmple, highly backed monclithic
arrays. Problexs with achieving a2 unifcra spatial frequency response
for an array of high acoustic impedance elezments radiating f{ato a louv
icpedance load are detailed. An application of this type of array using
low acoustic izpedance zaterial, ?VFz, i; shown. The broad and uniforn
angular response of a cerazmic oonolithic array radiatiag into cetal 1is

demonstrated.

o ——————

v
a,

| rARERER

[T SUVRS



ACKNOWLEDGEMENTS

Of the many people who have contributed to the successful com~

pletion of this dissertation, I want to acknowledge first of all,

oy wife Trudy. Her love, support, patience, and encouragezment were h
instrumental in achieving this goal.

I especially thank Professcr G. S. Kino, zy research advisor,
for his guidance, insight, and unbounded enthusiasa which contri-
buted so ruch to the succ>ss of this project. I also must thank
Dr. B. A. Auld for his helpful suggesticus and interest in this work.

I owe a great debt of gratitude to =y close friend and co-worker,
Dr. J. D. Fraser, whose ideas and knowledge of practical science con-
tributed so ouch to this work.

I am also grateful to Mr. T. Waugh, Dr. J. Havlice, and Professor
P. Grant for their assistance with interfacing the transducer arrays
to the imaging systeas.

To the technfcal staff of the Ginzton Laboratory, I want to acknow-

ledge their part in the fabrication of the transducers and transducer
arrays. ¥r. D. Walsh contributed =much to the overall transducer array
desiga and the many special fabrication techniques as well as doing
zuch of the manufacturiag icself. Messrs. G. Xotler and J. Vrhel did
most of the preparatfon of the sacoustic zaterials before asseszbly into
the rfinal trausducer structures. Messrs. L. Goddard and F. Furtere
deposited the electrode films. Mr. P. Galle buflt several test fix-

tures and ooids. Messrs. P. Constantinidis and E. Johnson provided

-vi -

PR WA Ao £

1 nted




2uch help in the machine shop. Mr. W. Hipkiss provided helpful sug-
gestions coacerning electrical components.

Special thanks oust be given to Ms. I. Willians for her expert
prepzration of this docuzent and to Mr. N, Bettianl and his staff for
the preparation cf the figures.

Most of all, 1 want tc express my gratitude to =y pareats for
their unwavering faith in me and my aspirations. They protably have

less understanding but more pride in this document than anyone.

~vii -

apgmene— =

ORI

s A e —————————

s M

St L duats

v




R o]

TABLE OF CONTENTS

A. Intreduction . . . . . . . . .. ..
B. Transducer Medel . . . . . . . ...
C. Broadband Matching Criteria. . . . .
D. Froat Acoustic Lead Line . . . . . .
E. Effect of Backimg. . . « . . . « . .
F. Electrfcal Port. . . . . . « « « & &
G. Transieat Respomse . . . . . . . . .
H. Experizental Results . . . . . . . .
ITI.  SLOTTED TRANSDUCER ARRAY DZSIGN. . . . .
A. Imtroductios . . . . . . . « ¢« .+ . .
B. Model of a Narrow Slotted Element. .
C. Coupliug to Lateral Mode . . . . . .
D. Effective Acoustic Load Impedance of

Elemeat. « « v « « o o o « o o & o &

- viii -

I. INTRODUCTION: GENERAL DESIGN CONSIDERATIONS

a

ABSTRACT. o ¢ o ¢ ¢ o ¢ ¢ ¢ o o o o o s o o o o o o o a o o o v
ACKNOWLEDGEMERTS. .+ - & « ¢ «© ¢« o o « o s o o o o s o o o o s @

LISTOGT FIGURES + & & v ¢ s ¢ ¢ v o o o o o o a2 o o o o o s v s

II. DESIGN OF EFFICIENT, BRCADBAND PIEZOELECTRIC

TRANSDUCERS. & &4 & & 4 4 v 0« v 0 0 o s o o v o o o o o &

Narrow

11
15

16

28
35
39
42
48
48
51

60

68

vt w2 e



TABLE CF COXTEXTS (Cont’'d)

Page

III.  SLOTTED TRANSDUCER ARRAY DESIGN (continued)
E. Experizental Results with Simple Backed Arrays. . . 85
F. Quarter-Wave Matched Arrays . . . . . . . . . . . . 98
G. Cross-Coupling Between Array Elements . . . . . . « 118
IV.  MONOLITHIC TRANSDUCER ARRAYS. . . . . « . - . . - . . . 129
A. Introductfof. . . = ¢ & 4 4 4 4t e 4 s e - ... . 129
K. Theory of Angular Dependence of Monolithic
TransduCer. . « v = o & o « 2 o 4 o o o 0 a0 . . . 132
C. Experimental Results with Backed Monolithic Arrays. 133
D. Elicinaticn of angular Response Seyond Llongitudinal
Critical Angle. . . . v o v 4 v v e s ¢ v 0 2 v s Me2
E. PVI»‘2 Monolithic Arrays. . . . . « « « ¢ + o - « . . 149
F. Cerazic on Metal Monmolithic Arrays. . . . . . . . . 151
APPENDIX A - & & &+ ¢ < = o s o 4o s s o o s o s oo o= o .- 136
APPENDIX B . . & v v o v s 4 s s 4 s e e e e e e e s e e .. 138
APPENDIX € « v v v & s 4 o o o o o o v o s s = s o o = o =+« 162

REFERENCES + « « o = = o o « o o o o o v s o o o o o oo« o« 167

- ix -




- P < ow T TvSre, NG et W RO, S e\ ERTT I

LIST OF FIGURES

Figure Page

1-1 Schezatic of an electronically scanned znd focused

acoustic ircaging systez= using a linear transducer

|
i
BETAY. o o o o o @ 4 4 e e e a e e e e e e e e 4 '}
=2 Schezatic of a transmission node C-scan electronically i
focusedizagingsyste::................. 5 }
2-1 Transaission line codel of a piezoelectric tramsducer. . 14
2-2 Lucped elezent representation of the reaczance of a
transaission ldme. . . . . . . . ... .. 0oL . 18
2-3 Luoped element representation of the acoustic trans-
aission line cf 2 piezoelectric transducer . . . . . . . 19
2-4 Power loss ratio of the front acoustic load line of
a lead cetanicbate transducer. . . . . . . . . . .. .. 26
2-5 Cezparison of the elesctrical impedance of two quarzer-
wave natched transducers . . . ¢« . ¢« . . .o . . 0 oo . . 27
2-6 Effect of shorzed back load line cn acoustic izpedance
of a maxically flat front load line. . . . . . . « . « « 30
2-7 Equivalent electricai lucped circuit of transducer
terzinated by air and optizum lecad at the acoustic
POTES. = v o o o = o = @ o = « s o s o o o n o m o - 0 31 }
2-8 Effect of tesistively loadad back load line on accustic [;
impedance of maxizally flar froat load line. . . . . . . 33 :}
o
|

-x - :
. i
'
i
ket
]
5
RS it 3

v

4

7\
Ave




Figure

2-9

2-10

2-11

2-12

2-13

2-14

3-6

LIST OF FIGURES (Cont'd)

Characteristics of a highly backed, water loaded PVF,
ZYARSAUCEY & « = « = o 5 . 8 4 e o e 4 e s e e e e
Sffects of increasing quarter-wave plate thickness 4%
on single matched lead zetaninbate traneducer. . . . . .
Cozparison of transient responses of linear filters with
square and Gaussian bandshapes . . . . . . . . -+« . .
Compariscn of experimental results with theory of
electrical fzpedance of single matched lead

=etaniobate transducer . . . c e e e e e e e e e =
Conparison of experimental and theoretical iansertion
loss of transducer im Fig. 2-12. . . . . . . . . . . .
Cezparison of experizmental and theoretical izpulse
response of transducer in Fig. 2-12. . . . . .. . . ..
Schezatic drawing of transducer array elemenzs . . . . .
Schezatic draving of tali, narrow array elexzent. . . . .
Generalized coupled Dode dispersion curves for a s=all
3TTay elezent. . . . . . - v . e e e e s e e e e e e s
Lover branches ¢f coupled mode dispersion relation for
isotropic rectangular resonators . . . . . . .. 4 . . .
Experizental and theoretical dispersion curves_fot
slotted array elexerts . . . . . . e e e e e e e s e
Real part of electrical impedance of lead-backed array

elenents with varying configuration ratfo. . . . « - . .

36

38

™~
-

45

62

64

67

63

— e




Figure

3-8

3-9

3-10

3-11

3-12

3-13

3-14

3-15

3-1¢

3-17

LIST OF FIGURES (Cont'd)

Schematic drawing of radiated wave froa slotted array
element. . . . . 4 . . e e s i ah e e e e e oa
Schezatic draving of waveguide =odel of tramsducer
elezent used to calculate variational fora of
rvadiation I=pedance. . . . . . . 4 4 e 4 4 0 e e ..
Norzalized effective load izpedance seen by a finite
width radfator . . . . . . . . ¢ . i . o4 e e e e o
Effective izpedance of a warer load seen by a finite
width radfator . . . . . . . . .+ ¢ 0 0 o o b0 4. .
Comparison of effective load izpedances of finite
width raliator for Poisson'’s ratio of 0.4, C.49, 0.50.
Cozparison of theoretical and experizental electrical

izpedance of lead-backed transducer elexents . . . . .

Cozparison of theoretical and experizental impedance of

tungsten-epoxy bazked transducer elezents. . . . . . .
Effect of calculated radiation izpedance on the
electrical izpedince of a slotted array ele=ent. . . .
Cozparison of experimental and theoretical two~wvay
insertion loss of tungsten-epoxy backed array elezeat.
Theoretical characteristics of single guarter-wave
zatched slotted array elezent. . . - + « . <« - o - o .
Theoretical characteristics of double quarter-vave

=atched slotted array element. . . + « =« « « « o o « =«

- xif -~

Page

71

73

81

86

89

94

96

101

102

PRENpTe——
4

N o -~
.

o3 ;,‘g’}ﬁv@” e




3-19

3-20

3-21

3-22

3-23

3-24

3-26

3-27

3-28

LIST OF FIGURES (Cont'd)

Dispersion curves for the two lowest order dilatational
Lazb waves of isotropic waveguide. . . . . . . . . . .
Photograph of 180-elezent double quarter—wave matched
ATTAY = o o o « o o & e e e e e e e e e e e e
Experizental electrical izpedance of one elexent of
array In Fig. 3«19 . . . . i . b i et e e e e e e
Effect of adding epoxy face plate on experizental
electrical izpedance of array in Fig. 3-19 . . . . . .
Cooparison of theoretical and experizental two-way
insertion loss of array in Fig. 3-19 . . . . . . . . .
Expericzeatai izpulse response of 14 elexents of array
B B e L
Experizeacal imgulsc of one slexeat of array ia Fig.
3-19 reflected off wire target . . . . . . . . PR
Cozparison of theorezical and expericental angular
acceptance of a double quarter-wave zatched array
elexent. . . . . . L i i Lt h e e e e e s e e e e e
Effect of cross-coupling on angular respense of aa
ATTAY €1e2eAT. & v & 4 4« 4 o« 4 4 % e e e e e e e
Effect of phase shift in the cross-coupling on the
angular response of an array elezent . . . . . . . . .
Experizantzl angular response of an arrzay with a large

amouat of cross-coupliang . . . . . e e e e e e e e e

- ziii -

106

109

114

116

119

PR TS

"

o aralSRa

L/

TN
2
oAt

love o

j



Figure

3-29

3-30

a1

4-4

&4~7

4-8

49

e = am e T

LIST OF FIGURES (Cent'd)

Compariscan of theoretical and experimental angular
response of tungsten-epoxy backed array element. . . .
Conparison of theoretical and experizeatal angular
acceptance of tungsten~-epoxy backed array elexzent
vith face plate of plastic tape, . . . . . . . . . ..
Schematic drawing of a backed monolithic tramsducer
CleTEBL. .« 4 v .t 4 e s e e e e s e e e a e e e
Comparison of theoretical angular responses of a
monolithic array elesent . . . . . . - 4 e . e @ . . 0.
Theoretical angular resgonse of 2 tungsten-epoxy
backed monolithic array elezent. . . . . . . “ s e e s
Cozparison of theoretical and experizental z2agular
respoase of a lead-backed monolithic array eleseat . .
Effect of grounding adjacent nmaterial to monolithic
array elezeat on angular response. . . . « . . ¢ ¢ . -
Experizental angular respcnse of tungsten-epoxy
backed onolithic array elezent. . . . . . . . . . . .
Experizeatal electrical ispedance of =monolithic array

element. . . . . . it i e e e e e e e e e e e e e

e mpm

Theoretical angular response of highly backed zonolithic

Array 1e2ell. « v o o . o 2 2 e e s e v e v e e .
Theoretical angular respoase of highly backed PZT-54

zonolithic array elezent with g0 anguiar filter . . .

- xiv -

127
130

136

138

143

157

o Ny AP T

LA
. - AR =




LIST OF FIGURES (Cont'd)

figure Page

4-10 Theovetical angular response of three-layer quarter-wave
matchad and angulzr filtered monolithic array elezent. . 148

4-11 Thecretical angular response of =zonolithic PVF, array

2

elenment backed with brass. . . . . . . . ... .. ... 150
4-12 Cooparison of theoretical and experimental angular

response of air-backed PZT-5A array eleocent radiating

into aluninum at f-fo................ 154
4-13 Comparison of theoretical and experimeatal angular

response of air-backed PZT-5A array element

radiacing into alumingun at £ = 0.8 fo e e e e x e s . . 155

c-1 Schenatic draving of path of integratior used to

calculzte the integral ia Eq. (3-65) . . . . . . . . . . 163

- XV -

s

et mn

Y

M i 11



CHAPTER 1

INTRODUCTION: CENERAL DESIGN CONSIDERATIONS

The use of hizh frequency sound waves, or cltrasound, to visualize
the interral structure of biclogical tissuve and to detect flaws and de-
fects in engineering materials has gatined impetus in recent years. More
widespread acceptance of the use of ultrasouad in medical diagnosis, and
the increased search for izproved methods of detecting aad characterizing
flaws in engineering materisis such as nuclear reactor vessels, gas pipe-
lines, and airplane structures have szizulated the developnent of =ore
effective uvltrasonic equipment. This deveiopment has been directed to-~
wards increasing the scanning rate, the resoluticn and the sensitivity
of acoustic imaging systems used in these applications.

Herctofore most acoustic izmaging systeas have employed a single
acoustic transducer which is mechanically scaaned to form an image
vhich {s digplayed on a cathode ray tube. The fmage is not fcrzmed in real
tize, it usually hac linfted resolution because the aperture of a single
focused transducer is typically small, and the transducers thexzselves
have not been optinized for maxizum bandwidth and efficiency. The non-
real tizme aspect of acoustic imaging in medical diagnostic applicatioas
is a severe problez in visualizing coving anatomical structures such as
the heart. Further=ore, because of the variability of slow mechanical
scanring, a2 large burden is placed on the operator tc create and interpret

the izages. In the nondestructive ta2sting field, the use of single




+

fcally d tr d:

r systens is costly and tize-consuming,
especially whea large structures are being examined.
One obvious zethod of increasing rhe scan rate and fncreasing
the aperture of the system {s to use a nuzber of separate transducers
excited one or sev:ral at a2 time which are electronically switched to
increase the scan rate. A number of systeas are being developed using
aultiple transducers. Most of these atte=pt to achieve real time opera-
tion at image {rame rates greater than 15 fraces per second. With arrays
of elements of large enough dizensions, diffraction limited resolution
can be obtained. The transducers in these systex=s can be arranged in
one-dinensional linear a:rays.1-6 two-dizensional square arrays,7_10
planar ring artays,ll'lz and cembinations of linear and ring arrays.13
These systems are usually operated in the pulse-echo mode, with variable
electronic tizme delays to each transducer prcviding bea=m steering and )
focusing {f desired.
Although the transducer arrays reported here were designed for use
in 2 particular type of izaging systea being developed in this labora-
tory, oost of the desiga considerations are zpplicable to any i=aging
syste=. The izaging systex for which these arrays were built is exten-
sively described elsevhere,é'la'ls so only a brief descriprion of the
systen will be included emphasizing those aspects which influence the
design of tramsducer arrays.
The izaging systea for which the arrays described here have been

designed is based on the synthesis of an electronic leas which can be

focused at different depths and rapidly scanned across the field of
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T e e haic i el

view (Fig. 1-1). 1In this f{=aging syste=, gated coatinuous wave signals
. are applied to tae individual elements of a section of a linear array

of acoustic transducers. The signal at each transducer elemeat is de-

layed in phase in such a =auner so that the acoustic energy enftted by H

the transducer elements has a quadratic variatfon in phase across the

excited eiesents. This phase variation is coanstructed to cancel the

spatial phase variation in rhe paraxial approxization sc that the

SIS’ J S

acoustic teaa is caused to coze to a focus in the exact analogue to a

Liee

norzal lens,

The reference phase delays necessary to fccus the acoustic bean {
are provided by a tapped surface acoustic wave delay line. A surface -
acoustic vave is launched down the delay line with a linegr variation
in f£requency with time. This yilelds a quadratic phase variation in

epace at the individual taps oa the delay line. Mixing these signals

with a2 reference signal at each elezeat of the array provides a beaz
with the Jdesired ceater irequency and a spatial quadratic phase varia-
tioa. The focal point of this lens is then scanned across the field
by the soving surface wave on the delay line, scanning at near the
surface wave velceity.

A fixed focus C-scan fraging syste= (Fig. i-2) can be builr with
3 two-dizeansional field being produced by sechanically scanning the
object (or, alternatively, the array) in 2 plane perpendicular to the
front of the array. A =ost {nterestiag feature of this type of f(maging -
systea is the use of two linear arrays of N transducer eledents to
produce a two-dizensional i=age of approximately Nz reselvable sprts.

This provides potentially large savings in the cost of electronics over
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FIG. 1-2. Schezatic of a transaission wode C-scan electronically
focused izaging systea.
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systexas using two-dimensional arrays with .\2 elezents.

The optizua design of the fzaging system just described requires:
(1) Each elezent of the transducer array must respond as uniformly as

possible over an operating bandwidth of at least 502. Even higher

bandwidths would be desirable in order to :hange the center frequency

of the ioaging systex for different applications. (2) The efficiency

of the transducer coasistenz with the bandwidth considerations shculd
be as high as possible in order to maximize the sensitivity and the

dynanic range of the izaging system. (3) The individual elezents should

have unifora responses so that array artifacts are aot introduced in the

acoustic image. (4) The elements of the array should be ideally placed

at intervals of half the accustic wavelength (the Nyquist sanmpling rate).

1f the interval is incressed,aliasing of the irage will be produced froa

agrating sidelobes, in the same zanner that grating lobes are produced from
diffraction grating. (5) In order for tne electronic lens to present as
large a field of view with as wide an 2perture as possitle, the angular

response of the individual elements should be unifora and brosd over a

3 dB halfuidth of 15° to 30°. (6} The cross coupiing between the iandi-

vidual elexzents should be as szall as possible to reduce array artifacts
in the image.

All of these system considerations are important to the performance
of pulse-code imaging systens as well as the systen previously described.

A few differences should be noted, however. Some pulse—zode syszems use

2 sector scanning technique vwhere the acoustic beaa is steered in space

like a phased array radar. In this situation, even larger beam half-

widths, typically &50, are necessary to obtain a2 large field of view.
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In addition, {n pulse-mode applicatiocns, a brozdband electrical
signal is appiied to the transducer which can then excitc ny spurious
=odes in the element which lie near the mode of interest, resulting in
array artifacts and loss of signal power. This {s not such a severe
problea in the variable frequency imaging systems previcusly described
vhere the frequency range of the electrical driving source can be linmited
to the zode of interest.

Considering these systems requirements, an array design nust be
fornulated which attenpts to meet all these requirezents or finds the
best perforzance trade-off if the requirements are contradictory. The
transducer arrays described in this reporr are built to operate in fre-~
quency ranges between 2 to 5 MHz. This range was originally chesen for
deconstration purposes for the variable frequency izaging system. It
has general applicability in medical J4iagnosis because che body tissue
attenuation and restrictions on sigual éouer 1iait the usable frequencies
to this range. It is aiso useful in nondestructive testing applications
for the sama basic reasons. The techniques described in Chapter III for
constructing slotted arrays are limited to less than 10 MHz. Higher
frequency arrays can be constructed using the type of array described in
Chapter IV or etching techniques similar to those used in integrated cir-
cuit technology could be developed for slotted arrays.

The spacing of elezents in a linear array is determined by the
acoustic wavelength in the load cedfum; that is, by the center fre-
quency and the acoustic velocity in the load zediun. 1If a 3 MHz center
freguency signal is to be generated or received into s water load, the

wavelength is then 0.5 on. The ideal transducer element spacing of

[ LTI



one-half wavelength is then 0.25 =n. The experimental arrays described
in this paper were built with 0.5 or 0.64 en spacing to reduce th:
nuzber of electronic channels in the systen for a given field of viaw
and hence the system cost. 3zaller spacings could have been achizved
with the techniques used.

The requirezent f{or broad angular beam widths generally determines
the maximun width of the transducer element. 1If the width of the ele-~
=zent is several times the acoustic wavelength of the load medium,
usually water, the angular teaz width will be szall. This is easily
demonstrated by considering a plane wave incident upon a transducer of
finite width L at an angle 2 to the surface normal. The phase
variation across the face of the elezent varies as exp{-ikxsin2} .

Integration over the width of the element yields the norzalized output

of the transducer, T(2) , as a function of angle: °
L/2
B2 = 1L Sikxsing oy =2
-L/2

sin(rL/X sin 3)

(1-1)
[zL/2 sia ¢]

where F(8) =1 at 2 = 0 . If one defines the acceptance angle, éa ,

as the angle at which the output has fallea 3 dB, then

o el {1392 -
e, = sin (i) ) (1-2)

If an acceptance angle of 30° is desired at 3 Mz (A = 0.5 c ia wager),

thes 1 wuust be less than 0.44 ==. As can be seen, if the elezent




spacing is close enough, this requirezeat is autozmatically satisfied.
Broader acceptance angles can be achieved with narrover clezents.
More detailed discussion of this point will be given in Chapters III
and 1IV.

General piezoelectric design conslderations, involving inmproved

techniques for achieving bread bandwidth with high efficiency, will be

discussed in Chapter Ii. These considerations are based oa the use of
zultiple quarter-wave matching layers. A new method for choosing the
acoustic properties of these layers will be described and the integra-
tion of the matching layers into the cverall design of a transducer
including backing and electrical matching to achieve high efficiency, ,:‘

broad bandwidth, and good impulse response will be discussed in detail.

This design approach is a distinct advance in cthe state-of-the-art siace *
1
transducer design has been almost cctally espirical in the past except -

in somc of the sizplest cases.16'17 In Chapter II these ccasiderations
vill be linited to sizple thin disc transducers which are easier to build
and understand theoretically. Alsc included ia this chapter «ill be a
discussion of practical techniques for implezenting broadband transducer -
designs. A single quarter-wave mstched transducer was dbuiit to ilius-
trate the design principles, and the preperzies of this transducer will

be compared to the theorezical predictions. Ic addition, a brief de-
scription of the neasurecent techniques used to characterize experizental
transducers will be included.

A description of slotted linear transducer arrays will be given in

Chapter III. Iccluded in this descripticn will be ratiorale for our

P

ezployzent of tall, thin transducer elezents in the array. These types
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of elexents olfer distinct advantages over the standard short, wide
elezeats employed in =ost arrays or square cross-section elezents .
fncluding stronger pie.zoelectric coupling by 2 factor of two and
weaker excitation of spurious —odes of the resonator. The charac-
teristics of the resonant mode of these elements as well as other
spurious zodes which rust be ccnsidered are discussed. The design of
quarter-wave datching layers for these elezments will be inciuded as
well as that of sizple tacked transducers. The effective load and
backiag icpedance seen by a s=all elemen: radiating into an infinite
half space has been calculated by variational theory and will be
shoun. This has cot been considered before in the design of elexzents.
Design of practical electrical =atching aetworks to optinize the power
radiated into the load will then be described. Finally, aspects of the
cross-coupling problea between array elezents will be developed from
both practical and theoretical considerations. Experimental zulti-
elezent arrays either backed or backed and quarter-wave zmatcked, will
be described as illustration of the techriques described.

Finally, in Chapter 1V, the theory of =cnolithic arrays, first

°
suggested by Auld, 18,12

will be described and probleas and design coa-
siderations for this new type of array will be outlined. Experizental
results with sizple broadband backed sorolithic arrays will be described,
illustrating the problems involved with the design of such arrays using
plezoeiectric cerazics such as the lsad zirconate titanates and the lead
oetanjobates. Finally applications of such arrays using materials like

PVF, and air-backed ferroelectric cerazmics radiaring into zetals will

be described.
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CHAPTER II

DESIGN OF EFFICIENT, BROADBAND PIEZOELECIRIC TRANSDUCERS

A, INTRODUGCTION

The techniques for desiganing broadband, highly efficient acoustic
transducers are cozzon to both array elements and sizmple thin disc
transducers. Since the thickness resonance of thin disc transducers
is vell understood, new design schenes are more easily checked out with
these relatively si=ple structures than on s=all array elements. There-
fore, this chapter wiil be concerned with basic zechanical and electrical
broadband matching techniques as applied to thin disc transducers. These
ideas will then be adapted to the desiga of array elemeats in the next
chapter.

A design method for achieviag nearly 100Z transduczion efficiency
over large bandwidths is presanted. The ccncept is e=ployed that one
or core quarter-wvavelength acoustic zatching seczions zust be used for
sfficient broadband operation when a high impedance plezoelectric cerazic
is loaded with a low izpedance =ediux, typlcally water. The fact that
the transducer zatorial ftself can be regarded as a finite lecgth tracms-
uission line is taker into account in the zactchiag procedures. Tnis
fact significantly affects the choice of izpedances for the gquarter-

wvave =atching sections tc be ezployed. In addition, in order to design

-1 -




transducers with good i=pulse response, the bandshape of the trans-
ducer passband should be Gaussiaa in foru. This criterion is neces-
sary siace the i=pulse response fs sizply the Fourier transfora of
the frequency response, and the transfora of a Gaussian shaped pass-
band is an RF pulse whose frequency is the center frequency of the
passband with a Gaussian shaped eavelope. Transducer designs will be
forzulated with this need ia =ind.

The electrical input izpedance of an acoustic transducer and
consequently the insertion loss and other parazeters of intarest can
be deterained froa the well-known one-dizensional Mason :odel.zo In
addition, che effects of cooplex accustic load and backing impedance
on the overail response at the transducer can easily be taken into
account with this oodel. In several papers, notably those of "M.»ssoff.]6
Goll aad :\\.le,21 and 6011.22 the effect of various accustic matchiag
layers at the two acoustic porzs of the transducer on the traasducer
characteristics have been analyzed. These approaches have included the

use of high loss backiag marerials and quarzer-~wave mztching sections.

However, the design of transducers with high seasitivity (lov insertion
loss), broad baadwidth with low rinple, and shors-duracion icpalse
response has rexained largely a trial and error process. This is be~
cause the Mason =odel is a luzpad circuit model. Thus, it does not lend
itself easily to physicz' interpretation of the effects of wvarious
acoustic matching layers whose thickness are the ovder of a quarter
wavelength. The optimization of the tramsducer characteristics, such

as the baadwidth, bandslape, 2ad i=pulse response is, in turn, hampered. -

- 12 -
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A desipgn procedure is presented here based cn the transaission line

model of the transducer of Krizholtz, Leedom, and Ha::hae1,23'2* 3

hown
in Fig. 2-1. This zodel has the advantage that it retains the intui-
tively satisfying transaission line nature of the traansiucer, but re-
places the real distributed coupling due to the piezoelectric effect
with a siagle coupling point at the center of the transducer. The dif~
ferences betveen distributed and single poict couplings are fncluded
through a frequency depesdant turns ratio in the coupling transferzer
and a series reactance. Both physical fntuftfon and cozputation are
facilitated, since acoustic matching techniques typically use trans-
nissfon line forzmalisa in theory and transnission line zmatching sectioas
ia practice. Electrical maitching techniques in the frequency range of
iaterest typically us2 lumped cozpcnents. The zatching technigues have
been analyzed and synthesized on a series of cczputer prograzms. The
eiectrizal input impedance, conversion loss, and impulse response of a
transducer can then be easily determined. The accuracy of such tech~
piques is sufficient so that the effects of firite Youd thicknesses be-
tween matching layers, of stray capacitances and inductances, and of
excess electvical resistance show up strongly, and zake it possibie to
deteraine the nature of errors in the construction.

One transducer has been built te illustrate this design approach
and shows charactsristics in excellent agreezent with the theory. This
transducer was constructed using lead metaniobate (Keramos K-81) as the
active =aterial, macched into water with a single epoxy zatching section,
air backed, series inductively tuned, and matched into 50 ohzs. This
transducer shous the desired flat response over the 40I, 3 d8 passband,
6.5 43 round-trip insertion loss at band center, and the predicted izpulse

Tesponse.
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FIG. 2-1. Traas=ission line zmodel of piezcelectric transducer (after
Krizholtz, leedoz=, Matthaei).
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A double quarter-wave zatched transducer was built by anserzs

using epoxy and a light borosflicate glass as the quarter-wave plates.
This transducer showed 3.2 4B insertfon loss and a 70% passband. The
author concentrated on applying the catchiag techniques to array

€lemeats.

3.  TRANSDUCER MODEL

The transmission line model of Krizholtz, Leedom, and )L!t:haei,n'z"
hereafter czlled the KLM model, will be the basis of the transducer
designs in this paper. Ia this model the piezoelectric element of

the transducer (the tera trassducer will be used to describe the overall
device consisting of the piezoelectric elezent, backing, mechanical
transforcers, and electrical matching cozponents) {s described fa the
following z=anner: (1) a center-tapped acoustic transmission line with

a2 half-wave resonant frequency EN and terzinated by front and back
acoustic loads; (2) a frequeacy dependent acoustcelaciric transformer
connected at the center node; and (3) two series luzped elezents, one

a capacitance representing the clamped (zero-straia) capacitance of the
piezoelectric material, and the other, a purely reactive izpedance aris-
ing from the distributed nature of electroacoustic coupliag.

The transforner has a turns ratio §:1 where
8 = ¥ (a/egG 20M? stnctauizeg) (2-1)
kT “0% ¢ sinc(30/ 2.4 »

aad the parazeters are dafined as:
d = thickness of the pilezoeiectric eledent

A = area of the pilezoelectric elesent

-15 -
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p = mass deasity

“
.

clanped dieleztric constant

stiffened elastic coastant

N
1]

= griffened acoustic velocity
oV, = stiffened acoustic i=pedance
= electronechanical coupling coastant

v
a
z
a
e
.2 2, DS N

k=e [c e” = effective pierzoelectric coupling coefficient
z

c

=Z4A
E)
v * :vald = half-wave resonant frequency
co = cSAId = clazped capacitance
sine(x) = sin(x)/x.
The additional raactance in series with the transforzer can be ncdeled
as a variable capacitance of a value

[ ] Iz
c' = '(CO/‘I) slnc(ru/uo) . (2-2)
as e’

>> !Col , 1t has only minor influence on the cperation of the

transducer. This zodel has retained clcse ties with the asctual physical
processes in an acoustic transducer, with the advaatage of a single cen-

tral coupling point between eleccrical and acoustic quantities.

C.  BROADRAND MATCHING CRITERIA

The oprizuz condizions for obtaining saxizua dandwidth with =inizu=
insercion loss, vhere the acoustic parts of a transducer are terainated
with pure resistive loads, is calculated. The KIM equivalent circuit
for this case is 3 half-wave transzission line terz=inated by a load ZL
at one end and a load ZR at the other. When ZL'ZR < Z.c , the approxi-
zate scoustic G ( Qa) of this resonator caz be determianed roughly froa

2
a sizple lumped circuit representatioa of the 11ne.“6 The izpedances ZL

- 16 -
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and ZR are transforzed to the center tap where their values become

2 2

zc/ZL and chzR respectively. The total resistance at the ceater
.2

tap i{s then ..c/(ZR+ ZL) . The resultant two short-circuited quarter-

wave transmission line sections are codeled by expanding the reactance

of each line,

k(1]
xm(a) - ZC tan (-2:;) (2-3)

in a power series representatiosa where the formula

2x
tanx = Z T (2-4)
=0 2 x

fs used. Thus the line reactance can be represented in the form

2va a
7, W - E S+ 2, . (2-5)

Froa this forcula a lucped elezent nodel can be determined whick
has the fora shown in Fig. 2-2, vhere the lum=ped constznt elexent values
» » 2 =] b
ate Cy -lla0 + €, —II(Zan) , and L ( Zan)/un . Coxbiszing Egs.
(2-3) and (2-3), the elezent values for the z rofth and first-order modes

for each short-circuited quarter-wave lise are C, =« ,L_ =0, 4=

(+] -

¢, - !/(4uolc) » and L, - (Gzc)!(f.:al- . Siasce the two lines zre con~

(1 3

nected in parallel, the two equivalent circults azre cdded ia paraliel; apd
the total equivalent circuit representing the resonance nesr o = “y can
be represented as shown in Fig. 2-3. The acoustic Q of the transducer

can new de found from Qa - uo(stored energy)/ (average pover lossz) or

(2-6)

N
Tag et =
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FIG. 2-2, Lu=ped element representation of reaCtance of a trans-
=ission line.
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FIG. 2-3. Luzped elexent representation of the acoustic
transzission line of a piezoelectric transducer.
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for the parallel RLC circuit shown in Fig. 2-3. Cn the octher hand, the

electrical input resistance of the transducer a2 w = o

ois

T

; Zc
RaO = ( . (2-7)
Tw, C ZR + ZL

c o

Thus, if the transducer is operated in a simple series tuned circuit
such that the tuning inductasce L 1s chosen so that mol. - lluoco »
acd 1f a constant voltage source is used, the electrical Q , Qe , of

the circuit is sizply

1 T +2
Q, = - —(-ZL—L) . (2-8)

7
R0 ' %

It is apparent from (2-6) and (2-8) that Qa decreases as (ZR+ ZL)

fncreases but Qe increases. For optimum bandwidth is obtained
with Qe - Qa , so that the following coandition is reached for the

optirun accustic load irpedance:

R4y

%

ke 7 . (2-9)

Therefore, for widest tandwidth and highest efficiency, one should
choose a2 zaterial with as large 2 kr as pessible. This lovers Qe
of the circuit ard from (2-9), changes the opticua choice of termi-
nsating izpedances.

An approxiczate derivation of the parameters of the cozplete equiva-
lent circuit of the transducer shows that the izpedance presented at the

transfor=er termipal, correct to first crder fn QA = (» - »c)lu0
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ZIN . (2~10)

2
g+ zL)

The reactive part of this impedance is like that cf a negarive induc-

tance. The reactance seen at the generator, including a series tuning

inductance 1 chosen so that uoL - llwoco , is
2 2 o2 % Y
x'_z'kx”'k'r( . (2-11)
u,C (z_+2)
070 R L

This expression is correct to first order im 2 . The first tera in
Eq. (2-11) is due to L and Co in series; the second zerm is due to
the capacitance C' in the equivaleat circuiz, and the third ter= is
due to the acoustic loading, It can be seen that the first-order
variation of the reactance X with frequency is nininized if ZR4-7,L
is chosen to satisfy Zq. (2-9). Therefore, this choice of terninating
impedance satisfiss the requirezent for optizum matching froa 2 constant
voltage source, as vell as the requirepent for an approxicate cance‘l-
lation of the reactance variation.

if the impedance of the generator is chosen to egual Rao , the
efficiency of power transfer to the transducer is

ARa Rao
3 .

ne T2, 2
(R +R )" + X

(2-12)
Since Ra = Raa at the center frequency, and siace the first-order
variatjons of the reactance with frequency are easenzislly eliminated,

L2e

the efficiency n wiil have only fourth-urder variations with frequency )
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due to the varfation of X with frequency. First-order variations of
Ra with frequency only give rise to second-order variations of n .

These results can be applied to air-backed transducers using high
kT piezoelectric ceramics. in the case of a2 lead metaniobate trans-
ducer (kI = 0,32, Za = 20.6), the optimal choice of the load izpedance
transformed to the center tap for a series tuned 100X efficieat trans~ .
ducer 1s %4.4, For 2ZT-5A4 (kT = 0.5, Za = 34), this impedance is 48.2. )
It will be shown in zhe next section that transformed load impedances
close to these estimates can be achieved with one quarter-wave plate for
water-loaded lead zmetaniobate and two quarter-wave plates for water-loaded
PZT-5A if the transducer ceranmic is taken into account in the zatching

scheze.

D. FRONT ACOUSTIC LCAD LINE

The acoustic matching probica for a piezoelectric ceramic used to
excite an acoustic wave in water is now considered. The impedance of
the transducer zaterial is typically 20 to 35 and that of the wvater is
1.5. Thus, {a the XIM codel, the izpedance looking into the right hand
acoustic load line is like that of 2 transmission line with essentially
a shorz circuit termination. The icpedance £s very high at the center
frequency, but drops quickly to low vzlues. Consequently, the band-
wideh of the transducer is very smail, unless the izpedance at the
center is kept low by using a backing termination.

Quarter-wave izpedance transformers between the load and the
plezoeiectric ceranic will broaden out the response characteristics,

giving higher efficieacy than transducers dazped by a zatched backing
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and broader acoustic bandwidth than undamped transducers. In the past,
such transforzers have been designed to match the load izmpedance te the
characteristic izpedance of the transducer material at the center fre-

quency. A better procedure, vhich is adcpted here, is to design the

U

transforzers to give a desirable fzpedazce at the centeér terminal of
the KILM zodel. Thus, fcllowing the earlier discussica, the front half

of the transducer i3 itself treated as a quarter-wave zatching layer,

Vv sy

in addition to the quarter-wave zatching lavers bouded to it. As

opposed 20 the usual design procedure, Z1 » the impedance of the first

Lo

matching section fs chosen to be the transducer material, so z1 - ZC .

The value of Zm , the iaput fzpedance to this section, is then deter-

L

C T N U D S Y A T

. nined. Thus a broadband match is obtained because use is made of the

T e

extra zatching layer vhich already exists fn the device.

G- N
A

The design of quarter~-wave transaission line =atching sections has
227 2 2
been forsmulazed by Collins,”’ Riblet,’s and ‘x‘oung.‘9 and others. Their
designs call for the transmissicn line reflection coefficient magni-~

tude |{T| , or, alternatively, the power ioss ratio Pip o l1/Q2- !752]

AT DI T

to exhibit either a maximally flat or Tchebycheff respcase over the

desired frequency passband. Larger passbands are achievad ty the

T+ -

addition of more transiorzar sections.

A sizmiiar cpproach can be used {n the design of the acoustic load
1line, although the acoustic impedance =isratches are typically cuch
larger than the aicrcwave ones, sc higher order terms are =uch bigger .
and sheuld be included In the calculaticn of the reflection coeffic{eat.
Never:helegs, the design forzulae developed for two and three-iaver

transzission line sections can be applied o the acoustic case, and

Y TOrs.

reasonably good results are obtained iz exact nuterical solutionms.

1Q 7 AT e et
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As an {llustration, the impedance formulse for the binoatal trans-
forzer are given which gives close agreezent to the maxically flat case

for a3 szall auzber of matching sectioans:

(2-13)

share

Z_. = teraiumating load impedance
Z., = inpur inpedance of the transmission line systen
= nth quarter-wave nmatching section izpedance
= ht!
- 4 < ——
n bincuial coeificient = TP

Z_ = transforzed load inpedance at the right hand end

of the tr ducer tr: issfon line.

The results shown in Table 2-1 are used as the starting basis for

the transducer designs reported in this paper. In each case, Zl is

the izpedance 2. of the zransducer =aterial.

C
As an example, consider the design of a transducer to te built

using lead metanfodate with a water acoustic load. One bonded matching
seczion is to be ecploved, and a maxically flat passband is desirea for
the front load line. Using Table 2-1 for the tvo-iayer transforser,
and taking zr = 1.5 and zc = 20.0 , the input izpedance of the

acoustic lcad line £Z.) is found to be 47.%, over twice the material

™
ispedance. This is very close to the optizmu=m wvalue of 44.4 calculated

ia S2ctien II.C.

v




TABLE 2-1

Matchiang Fermulae

I 4 %4 %
One Section 22/2
4 c/%r 2
4/3,,1/3 2/3 ,1/3 2
Two Sections z. /Z.r ZT E zC/Z‘t

T

8/7 ,,1/7 3/7 417 6/7 ,1/7 2,
Three Sections Zc /2. ZT zc ZT ZC 22/..

The impedance of the =zarching layer (22) is found to be 3.56,
vhich differs zarkedly fro= the value of 5.48, the value calculated
if the cerazic were assuded to be an infinite acoustic transzission
line.

The power loss ratio (PLR) threcugh the catching layers is plotted
as a functior of frequency for both cases in Fig. Z~4. As caa be seen,
the fdeally =maxiz=ally flac response 1s obtained for the case when the
zatching layer ispedance i{s 3.56. In Fig. 2-5, a compariscn of the
acoustic load lime input izpedaaces {or both cases is shown, and rapidly
varying iaput acoustic izmpedance for the case Z2 = 5,48 is dezen-
strated.

This systea teads to give a broader acoustic bsndwidth, because
two matching lsyers have been taken into account and a broader elec-
trical bandwidth with better efficiency, because it presents a higher
elecrrical izpedance at band center. ‘

A sinflar calculacion for a PZI-3A transducer matched into water

(ZC = 34) ylelds 2 value of Z“ for two zatchiag sections of $6.2:
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with three secticas, ZIN =53, 22 -89 , Z3 = 2.34 . The value of
:'Il-‘ for the three section macched system is siightly larger than the
optinun value of ZIN = 48.2 estinated in Section II.C.

Therefore, ft is concluded that the optimun lead metaniobate trans-
ducer matched to water requires one extra =atching layer with an i=pe-
dance of 3.56, while the PZT-5A transducer requires two matching layers
of izpedances 8.92 and Z.34. respectively.

Wider passbands can be obtained for a given nuzber of natching

sections with Tchebycheff resp if passband ripple can be tolerated.
As will be shown in the next section, the acoustic backing line, in
general, linfts the usable dandwidth of the transducer, so that this
filter response is not as useful as f{t might be. Moreover, the
Tchebycheff filter response yields steep ''skirts” on the frequency

response, which is undesirable irn pulse-node applicatioms.

E.  EFFECT OF BACKING

In the transaission line =odel, the acoustic izpedance seen at the
center ncde is the parallel cozbination of the input impedances of the
front acoustic load line and the back acoustic load line. 1deally, the
back load iine shculd be designed to absorb as little power as possible

t

and to maiatain or enhance the p d characteristics. Iz the sizplest

case, vhere the transducer is air-backed, the backing lire consists vir-
tually of a shorted quarter-wave section of piezoelectric ceranic. The

back load line iaput izpedance is then

L Ia (2-1%)
ZIN - ch tan(2 ”o)
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acoustic izpedance. However, Z;V decreases rapidly to zero at )

wlug ® 2 aad =0, and linies cthe useful bandwidth of an afr- .

At the center frequency, 2%, is infinite and has no effect on the

backed single quarter-wave matched transducer to about 45%.

The effect of the shortad back load line on the input acoustic
izmpedance is shown fa Fig. 2-6, for the lead metaniobate traasducer
previously discussed. As caa be seen, the bandwidth of the passband
is considerably reduced and the band shape is considerably =ltered. H
The cozmbination of the frent load line with 2 low impedance shunted
back load line is an opticuz for high efficiency, broadbznd designs. b

This is because the imaginary part of 2 varies linearly with fre-

N
quency over the passband, so it tends to cancel out some of the errors
introduced by the electroacoustic transformer and a siaple series tuned
electrical tuning setwork.

The efficiency acd bandwidth of an air-backed transducer can be
estizated for the case where Eg. (2-9) is satisfied. &t band center,
the KLY equivalent circuit is shown ia Fig. 2-7 for the untuned case

" 2 2.2 - -
and a generator impedance of Z0 R._‘O-Q-].I.aoc0 . Since Cl

at center freg y, its imped can be ignored, and the efficleacy

of power transfer frea generator to load is
2

LI S Y 3l .
1 +Jl + (/2 v’ZkT)

For PZT-5A (k:‘:. = 0.25) , n 4s 58% wvhile for lead metaniobate (k.f. = 0.10),

(2-15)

n 1s 432. These efficiencies correspond to ninimua round-trip inserticn

losses of 4.7 dB and 7.3 dB, respectively. It is clear that the higher

W opfar el e

the value of 14 , the greater the untuned efficiency.
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ACOUSTIC IMPEDANCE (xI0® kq/mz-sec)

IMAGINARY PART

REAL PART

F1G. 2-6.

Q.5 1.0 1.5
NORMALIZED FREGUENCY

— MAXIMALLY FLAT
FRONT LOAD LINE

——FRONT LOAD LINE .
IN PARALLEL WITH
SHORTED BACK
LOAD LINE

Effect of shorted back load line on acoustic izpedance of
maxizally fizt froat load line. Lead zetaniobate trans-
~ducer (1.27 ez diazeter).
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FIG. 2.7. Equivalent electrical lucped circuit of
transducer terainated by air and opti=zux
load at the acoustic ports.
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The addition of series inductive tunieg would lower the ainicua
loss to 0 dB at band center. The bandwidth can be estizated frea the
elsctrical Q vwhere Ro = Rao and for optimua power transfer and
condition (2-9) is satisfied. Therefore,

1 1 T
Q, * - - = (2-16)
oy tR 0% R0 2%
For v% = 0.25 agd 6.10 , (%03“ - Q—l- would be 90Z snd 51%, respec-
e

tively.

The next sizplest back load line design wculd be the addition of a
resistive load of izpedance ZL to the ceramic quarter-wave section.
This is accozplishsd in practice by bonding a high loss =aterial to the
back of the piezcelectric cercaic to sizulate an infiaite transmissioa
line, so thar no pover is reflected back {nto the transducer frozm the
back. Tke efzec: of resistive lords of varying fmpedance on ZIN of
the lead metaniobate transducer previously described is shown in Fiz.
2-8. Ia general, as would be expected, the m=idband izpedance is con-
siderably reduced as the backing impedance is increased. When the

backing izpedance approaches ZC . ZL becores entirely resistive

N
and equal te Zc . It should be noted that most of the available power
i this case is radfated {ato the back load line. since its impedance
would be only about 403 of that of the freat load line. With a large
auzber of quarter-vave plates oo the front load line, ZE;}‘. would
approach Zc ,» and the round-trip iasertion lcss woull approach 6 dB

at best. In this case the 2Z drops in value so brcadband 2lectrical

IN
zatching becomes ore difficult. Thus, this type of transducer would

be optizized by using several quarter-wave plates wit. a more compiicated

-32 -
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FIG. 2-8. Effect of resistively loaded back load line on acoustic
impedance of maxizmally flat front load iine. Lead meta-
¢ niobate transducer (1.27 com diameter).
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matching network tham just a sizple inductance. Alzernatively the match-
ing network could be omitted at the expense of a decrease in efficiency.

It is worthwhile to consider here the izportant case where a trans-
ducer is cerainated by a matched backing (ZL = Zc) and no quarter-wave
zatching is used. In this case, most of the power is radiated into the
matched backing. 1If the voltage at the center node in the KM model is V ,
the power eaitted at the center frequency into the left and right hand

sides is szLIZZé and VZZRI?.Z?: , respectively. Following previous

- 2
argusents, since the total radiation resistance is R, AL:ZCI [‘.r.noCO(ZR+ZL)]

the maxizuzm efficiency of an uatuned transducer is

22
n o= R . (2-17)

2
2, +2p) (1 +"1 + :(ZR+ZL)/Lk.§ZC)

The zaxizun efficiencies for PZT-5A and lead metaniobate are 0.9X and

1.6%, respectively. This corresponds to rcund-trip insertion losses cf ,
41 dB and 36 dB, respectively. Note that in this case, the lead zeta-
niobate transducer has greater efficiency rhan the PZT-5i one because
its lower acoustic impedance matches water better.

The use of a lcssy backing of relatively lov impedance is useful
in the design of a quarter-wave matched transducer, however. The band
shape of ZIN for a backed transducer rounds off as ZL is increased,
and becomes Gaussian shaped. The impulse response of the transducer is
therefore icproved, as will be described. The problea for the designer,
then, becomes comproaising band shape versus insertion loes fer this
particular traasducer configuration. A very low izpedance backing of

about 3 appears to be adequate for the single quarter-wave matched lead

metaniobate transducer described above.

- 3 -
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If the backing impedance were to be made large with respect to Z_. ,

th would approach a short circuit at the center frequency and increase
. X

to some peak value ac approximately £/f =0.5 and £/f =1.5 . The trans-

ducer could then be operated on a quarter-wave or three-quarter-wave

resonance. Since, in tbis case the electroacoustic transformer has a

better response at low freg {es

, a tr ducer built on this principie
could te successfully cperated as a quarter-wave transducer with only

slight effects from the higher resonance. This design has bees used by

30
Bui, Shaw, and Zitelli™ for a very broad bandwidth transducer which uses .

low izpedance (ZC = 3.8) PVFz as the piezoelectric element, mounted on

a high impedance {Z = 31) brass backing. In this case, the electrical

ccupling is weak (k% = 0.012) , but the acoustic matching te water is i

very good. Therefore, a large bandwidth untuned transducer can be con-

structed with excellent izmpulse response, as can be seen in Figs. 2-9(b)
.

and 2-9(c). This design.wculd be difficult to use for icmersion transducers

. ezpioying ferroelectric cerazics, since no backing material exists whose

{opedance is considerably higher thac theirs.

F.  ELECTRICAL PORT

in order to minimize the“insertion loss, the electrical input izpe-

dance (ZIV) of a transducer should be entirely real over the passband,

-
and the radiation resistance (Ra) should equal the electrical source
resistance 20 . For a lossless air backed transducer, the radiation

resistance of the acoustic load is Ra . 1f the transducer has a resis-

“

tive load on the back load line, the component of interest Zust be sepa-
rated out from Ra . In addition, the frequency dzpendence of Ra should

be tailored to fit some bandshape criteria, such as a2 Gaussian form, for

oyt ats NOE
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FIG. 2-9. Characteristics of a highly backed, water lcaded BVF,
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optinun ixpulse response. As we have seen, the design of a lowv loss,
broadband zatching network s considerably eased if the electrical Q
of the transducer i{s low to begin with, vhich zeans using zaterials
with large electroacoustic coipling constants (k%) .

The electroscoustic transforzer in the traasmission line model is
frequency degendent, unlike the transforser in the 4ison svdel. The
dependence varies as slnc(ﬂwluo) . This function decreases with o
near w = wo , so the radiation resistance tends to be higher at the
low frequency side cf resonance. In the range 0.5 < m/uo < 1.5 the

variation of @ with frequency is almost linear with frequeacy. This

effect is detrizental to the resp of the transducer and should be
compensated, efther by an electrical tuming network or by wetghting
the high frequency side of the passband by suitable acoustic matching.
Tne latter approach, suggested first by Goll,21 is easily accomplished
by increasing the thickness of quarter-wave plates by a szall azount,
usually between 4 and 10X. The amount of this "skewing” has been deter-
ained expirically by trial and error computer sizulation of the input
izpedance and insertion loss cf the transducer in question. The effact
of the quarter-wave plates operating at a slightly lower frequeacy thaa
the cerazic cozpensates the frequency dependence of the transformer turas
ratio, as can be seen in Fig. 2-10. The result is an approxizmately sy=>
=zetrical bandshape, about a ceater frequency 90 to 96% of the half-wave
resonant frequency cf the cerazic.

The series reaczance iuzped element has 3 fraquency dependence
which varies as (sin :u/ao)luz . This reactance is always small coz-

pared zo that of the capacitive reactance 1/.-C0 of the transducer and

can essentially be neglected in the d2sigs of octave bandwidth transducers.
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Wider bandwidth transducers would probatly require an iterative nusmeri-
cal electrical filter design program ro cocrpensate for this temm.

The final intrinsic electrical ele=ment in the transmission line
odel is a czpacitor represeating the zero-strain (cla=ped) capaci-
tance cf the pileroeleztzic =atarial. As we have szen, for ainimua
insertion loss, this capacitance c=ust be tuned out. This is most
easily accozplished with a series inductaace tuned for zero reaczance
at the center frequeacy, a2 procedure which is adequate for materials
with large lg‘. . Generally, a =ore sophisticated tuning network would
be desirable for broadband operatioa.

In all cases, the design of an electrical cmatching aetwork is
highly dependent on the acouscic termiration of the transducer. =or
the parzicular arrangesent whére the froot m2tching plates are chosen
to be =zaxi=ally flac, the total imaginary part of the electrical input
izpedance is negative but varies like a negative inductance over the
passband; therefore, a series ianductance just caacels the i=aginary part
of the i=pedance over the eatire passband, as is discussed ia Section C,
and as can be seen in Fig. 2-10. Thus. the iaput izpedacce becozes an-
zirelr real over the passband as desired. An electrical traasforzer then
can be e=ployed to scale Ra up (or down) to the source impedznce Zo .
This is the design technique exzployed for all the exparizental trauns-

ducars, including array elezents, described ia this paper.
G.  TRANSIENT RESPONSE

The traansient respoase of a transducer excited by 2 delta functica
input cas be obtalaed sizply by taking the Fourler transfora of the fre-

quency response.n The cleanest response is obtained when the eavelope
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of the output pulse is Gavssian so that the wave packet amplitude
decreases oonptoaically to zero froz its zaximum amplitude. This
requires that the bandshape of the frequency response be Gaussian
shaped as well. This fact can be clearly seen in Fig. 2-11 where

a compariscn of two izpulse responses is shown, one of Gaussian band-
shape, the other of square baandshape of equal 3 dB bandwidth. The
time response correspornding to these two bandshapes, neglecting non-
linear phase variacions, are given in Eqs. (2-18) and (2-19),

respectively:

2
F(t) = A cos wgt e_aﬂ: (2-18)
F(t) = B cos wyt siac () |, (2-19)

vhere 2 is che center frequency of the passband and Q is the 3 dB
bandwidth, and the azplirude is taken to be maxizmuz at t =0 .

As described sarlier, air-backed transducers with zaxizally flac
front loai lines yield square bandshapes. The addition of a relatively
low izpedance backing causes the bandshape to be more Gaussian, thus
yielding a berter izpulse raspoase. This is obtaived at the expense
f some loss fn bandwidth and seasitivity. ainother possibility for
ohbtaining better izpulse response for air-backed transducers is to
chooge a set of Guarter-wvave zatching layers which satisfies a filter
response other than the maxizally flat set. This point has not been

explored further by the author at this time.
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A set of computer programs, wrictan by J. Fraser, has been used
to analyze the KLM model for theoretical studies on transducers. The
{mpulse response 1s calculated by taking the fast Fourier transfora of
the theoretical bandshape, including 311 the nonlinear phase variations.
Other quantities such as the electrical impedance and insertion loss

can be easily obtaired withn these programs.
H. EXPERIMENTAL RESULTS

A 12.7 oo diameter, air-backed, single quarter-wave matched trans-
ducer vas built using lead metaniobate as the active zmaterial. The
parameters for the ceramic, supplied by Keramos Corporation and desig-
nated K-81, vere ceasured using the technique of Bui, et al...32 snd
determined to be as follows: kf. = 0.1i0 ; wechanical Q, Qﬂ =24 ;
wg/27 = 2.06 Mz 5 3, = 266 €
fabricated by lapping a pieze of Dow Epoxy Resin 332, hardened with

Zc = 20.0 . A matchiag plate wvas

metaphenylene~dianire to a thickness equal to a quarter waveleagth ac
1.01 Wy - The epoxy had a characteristic impedance of 3.38, siightly
less than the optimal maxizally flac value of 3.56.

The ceranic }-'d epoxy plates were cleared in organic solveats,
dYeated for several hours to remove any absorbed solvents, and assezbled
in a dust-free laminar flow hood. The piates were bonded with epoxy
under a nonunifcra pressure device, 2s suggested by ?a;:adak:s,33 {a

order to remove trapped air bubbles and to insure a negligibly thin

bond. The resulting assexbly was dounted into a plastic housing. This

tr T was red, and iater a 13.9 i3 series tuning inductor aad

BNC connector were added.
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The input electrical impedance of the untuned transducer is shown

i

ia Fig. 2-12. Excellent agreezeat with the theoretical calculation,
whiick includes the finite loss of the ceramic, can be seen. The experi-~
=ental electrical impedance was obtaired using a Hewlett-Packard Vector
Impedance Meter. It can be seen that the iwpedince is very fiat over

the passband and slightly tilted because of the freguency dependence of
the electroacoustic transformer. No quarter-wave plate “skewing" vas
used fo this experiment. The izaginary part of the icpedance shows a
3light divergeace from the theory at ilow frequencies. This effect has
not been satisfactorilv explained yet, but could de due to two-dizensional
effects not taken iatc account in the cne-dimensional model.

An inductor was made by wrapping eleven turns of wire about a fer-
rite core, yielding 13.3 1H of inductance. This is siightly less than
the 15.9 1#H desired. The two-way insertion loss of this transducer was
neasured by transzicting an accustic vave from the transducer, excited
by a 50 oha ianternal izpedance tone-burst geverator. The anplitude of
the output of this generator into a 50 ohz lnad was seasured at each
frequeacy, so as to deterzine the available power. The transuitted energy
uas reflected off of a perfectly reflecting air-vater interface and re-
ceived by the transgucer loaded by the sace 50 ohn generztor. A high
izpedance probe was used to seasure both the traasmitted and received
electrical voltages. The two-way inserction loss was easured by com-
paring the available transaitted voltages and the received voltages as
a funcrion of frequency and was cozpered to the theory, as showm in
Fig, 2-13. The insertion lcss of the transducer was 5.5 dB at =id- '
band, coxzpared to the theoretical value of 1 dB. The 3 dB bandwidth

is 40X, as predicted, ané che bandshape is flat over the passbazd, as

~
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designed. The additfonal 5.5 dB loss of the transducer over what was .
predicted is thought to be due to internal losses in the inductor and
to phase cancellation, since the epoxy quarter-wvave plate was slightly .
wedge shaped.

A coxmparison of the experimental and theoretical izpulse response
of the untuned transducer is shown in Fig. 2-14. The theoretical
impulse response was calculated by taking a fasz Fourier transform of
the transducer transfer function, as previously described. The experi-

mental results were obtained by shock exciting the traasducer with a

a Panawetrics Pulser (Model 5050PR), using a 56 ohm dazping resistor in
the circuit and digitizing the reflected echo off an air-water interface
vith a Bicmatfon 8100 transient recorder sampled at a rate of 100 MHz. 2

As can be sean, the agreement between theory and experiment is excellent.

ATk K AL LA

R T oy
Li o d

:
i
-6 - §
§




(I8 7

N

B

ll
|
!
i
|
;
-
g
)
¢
i

THEORETICAL

T
b
>
>
D>
3

LA

i —-llpsx[“——

EXPERIMENTAL

“som
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single quarter matched lead zatanjiobate transducer:
Izpulse response.
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CHAPTER III H

SLOTTED TRANSDUCER ARRAY DESIGN

A.  INTRODUCTION

The design of linear transducer arrays constructed of tall thin
elements is described in this chaprer. Experimental results with
simple backed and double quarter-wave matched and backed arrays are
also discussed. The basic structure of these arrays, illustrated in
Fig. 3-1, involves mounting each pilezoelectric element on a lossy back-
ing medfun, and radiating inte 2 load medium through several matching
layers. A face plate, acoustically similar to water, is used to keep
water from getting between the elements and introducing acoustic and
dielectric cross-coupling. The choices of matching layers and backing
materials are based on the concepts described in the previous chapter.
In addition, there are several problems, both theoretical and tech-
nological, which are unique zo the design of small elexment arrays.
These problens are suzmarized in Table 3-1 and will be zddressed in
this chapter. These include description of the extensional mode of an
eledent of near square cross-section, description of the effective load
impedance seen by an element, design of acoustic =stching Jayers, ané

effects of cross-coupling berween elezents of the array.
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TABLE 3-1

ACOUSTIC TRANSDUCER ARRAY DESIGN

Theoretical Problezs

Technological Problaas

Description of extensional mode
of transducer element of near
square cross-section

Deseription of effective
backing impedance seen by
slotted element

Effect of finite bond thickness
on response of alemeut

Desiga of acoustic zarching
schenes into load mediun

(2) Description of cross-
coupiing betveen array
elegents

(b) Effect of cross-coupling
between elecents oa
element response

Design of transducer elezent
with desired center frequency
and bacdwidth

Fabrication of high loss, high
iopedance acoustic backing

Fabrication of acoustic bends on
the order of 1 iz or less

(a) Selection of A/4 matching
naterials

(b) Slotting compcsite material
Structure to create acouss
tically matched elexzents

Fabrication cf strong, thin face
plate with low acoustic cross-
coupling
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B,  MODEL OF A NARROW SLOTTED ZLEMENT

It 1is desirable in focused imaging systess like the one described
in Chapter I to space arrzy elemeats one-half wvavelength apart to avoid
grating sidelobes in the image i3 direct analogy to the grating lobes fa
a diffraction grating. Ia this instance, the elezents would have a width
(L) comparzble to the height (E) as shown ia Fig. 3-2. It is assuned in
all furture discussions that the length of the element in the y-direction
is large cozmpared to the ocher dizensfons so thar the structure is basic-
ally twvo-dimensiosal. The: L ane H are cozparable is easily dezon-
strated by noting that at 3 MHz the acoustic wavelength (XV) in vater
is 0.5 =» so that the =axi=us widch of an elezent spaced 2t \"12 is
0.25 o=. In the experizental arrays reported imn this work, L is always
in the range 0.25 to 0.30 »n and the elezeat spacfng is about 0.5 to
0.64 =, With elezents counstructed of PZT-5A piezoelectric ceranic, the
stiffened extensional velocity in the 2-direction fs about 3.8 (10)S calsec.
Therefore, to operate the transducer elerent on the fundamenral half wave-
length rescaance az 3 MHz, the height of the elezent zust be on the order
of 0.63 ==. 1In this case, then, {t can bz seen thaz H = 2L , a ccofigu~
raticn distated by systea design considerations. The boundary coanditions
for a2 piezoelectric resonator of these dizensiorns are obvisusly =uch dif-
ferent from the thin disc resonator discussed in Chapter II where L >> H .
Consequently, the sizpie theory of the thin disc resonator caanot be ap-
pl.ed to this structure without =modificarion.

Whea dboth lateral dimensions of a transducer are cozparable to the
height, the loagitudinal strains sl(sn) and Sz(syy) cannot be traken

as zero. Therefzre, 2 one-dimensicnal oodel cannot ia general be used to
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FIG. 3-2. Schematic draving of piezoelectric ceranic eiecent
sho..ng poling cirection and coordinate system.
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describe the resp of the tr d . In a lipear array vhere the
transducer elezent is essentially a two-dizmensional szructure as shown
in Fig. 3-Z, there is strong coupling betwe;n the desired zeroth-crder
extensional resoncnce (z-direction) and the zeroth-order lateral extea-
sfonal resonance (x-directioa) when the element has near square cross-
sec:ion.y‘ In this case, the frequency of the desired lower braoch

of the coupled =modes is significaatly down shiftaed. Ia addition, the
unda=ped upper branch of the coupled zodes Ls very close tc the fre-
quency of the lower branch and will be excited ia any broadband syste=m,
yielding a peaky transducer bandshape. For these reasons, traasd:cer
elexents of near square cross-sectior should be avoided in broad band-
width syste=s.

Some unfocused acoustic izaging systens have been designed in
wvhich several elexzents are excited sizultaneously and the echoes pro-
cessed intc an imge.' These systexs work with ele=ents speced many
vavelengths aparr and so the ele=ents have lateral dizensiens zuch
greater than the thickness. These eiezeats wouid be operated in a
oode sizilar to the thin disc zodr and the acoustic respomse will
include lateral resonances and haronics. Little discussion of this
eype of elezent will be included in this work, howvever, since the
esphasics was piaced on tall, thia elezents suitable for the elec-
tronfically scanned aad focused system. Soze of the discussion of

tall, thin elexeats could be easily exzeaded to wide elezents.

x®

Several coz—ercial systems are presently dasigned this way
including ones built by Acoustic Diagnostic Research, Panasonics,
Tnirad, aad Rohe.
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1f the height of the elesent {z greater than about twice the
vidth, the lateral resonance is not strongly coupled to the exten-
sional resonance and can be ignored in calculaticn of the traasducer
response as wili be shevn. A sizple one~dizensfional theory caa be
derived and used directly in tha traasducer transzission line oodel
35

with good success. Usiag the zotarzisn of Auld,”” the piezosleciric

constizutive reiations can e vrittes ia the fora

T = -g*E+C:$ (3-1)

B~ ¢-Etess -2

where the dars denoting vector snd tensor quanctities have been drepped
for brevity., The stress is denoted by T[ in reduced cocordinates,

the straia by SI » the electric {ield by and the electric dis-

:1 »
placenent by DL . The pierzosiectzic stress zmatrix is deaoted by €43

iz reduced coordinates, and E” - te %s the cranspose of this matrix.
£
The stiffress catrix at coastant E is deacted by C‘I'J ,» and the per-
mittivity 2t constant stress by 5:: . For a uniaxial piezcelectric
3

cerazic like PZT-5A, which is {sotropic in the planc transverse to the
poling axis, the stiffness, piezoelectric stress coastant, and pernmiz-

tivity zarrices are given as follows:

S T
& & & o o o
<y - GBS 2 ° e -3
) 0 o ¢, o o
0 0 9 0 Cf,, 0
0 0 o o 0 Gl
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In the nonpiezoelectric case,

- (3-4)

(3-5)

2 0, and if Sz(x,z) 29 for a

loag slotted element, and there are no shear strains, the relevant

stress-strain relatioas are sizmply

T s +cEs

3 1% * €133
cEs. +cE

T3 1351 * €+35;

(3-6)

Now i{f the width (L) is s=all co=pared to the height (H), it can be

assu>ed that there is ao longitudinai stress in the x-direction, or

Tl(x,:) 20 . Therefore,

o
[ ]
]
(2]
]

and

3-7

(3-8)

. DA ey voomrt =




where
«s?
E o E e & %
G " plttF \) (3-9)
11733y

The sase boundary condition can be applied in the pfezoelectric

case where open cirzuit conditfons are also assumed so that Dz(x,z) 20.

Froa Eqs. (3-1) and (3-2), the relevaat relations are

E

z
T, = Chs 4 CEs e E (3-10)
& cEs E
: Ty = G35y * C3aS3 - ek, (3-11)
D = 55 +e. S +e.S (3-12)
z “zz72 217 2373 °

e

tetting Tl(x,:) : 0 1ia Eq. (3-10), Sl

53 and Ez and substituted into Eqs. (3-11) and (3-12) as follows:

»n lE - . -
T, €3353 = €24E, (3-13)
D, = ¢Sz +els (3-14}
z 2z 2 2373
vhere
E
e .C
. - _z1713 -
€3 ezJ cE (3-15)
11
and
e2
s S 21
:;z -, 4»;5— . (3-16)
1
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Equazions (3-13) and (3-14) are identical in form to those of 2 thin
disc transducer with the Dodified constants defined {n (3-9), (3-15),
aad (3-16). Therefore, all the resulrs for the thin disc v.ransd:xcer36
can be applied to the case of the narrov slorted traasducer including
quarter-vave =zatching and backing schenes using these modified con-~
stants, with other considerations to be discussed in detail later.
Other paraneters of interest are derived below. The =odified
paraneters are derived as follows, taking open circuiz conditions or

Dz(x,z) = 0 in Eq. (3-14):

€23
Ez - —?Ss 3-17)
€
22
e'z
« ctE 23
T3 (:33 ].-l»—-—-c'E c's S3 (3-18)
33 "zz

Tanezefore, the stiffened elastic copstant is

D 34 .2
€3 = €y +x ) (3-19)
vhere
> e:§
K'" - 'TE"—'—S (3-20)
€33 22

Siace zhe constaat K'z appears in the functional form of the one-

dizensional transducer input izpedance in the forn R'zl(lﬂt'z),36

it is coanveaient to introduce a sizplified coastant ksg » where
2
2 *
k._,3 - — . (3-21)
1+5
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This coupling constant £s labeled ks

oore closely related to the leagth extensional resonsnce of a thin rod -

2 oe2
3 instead of “ siuce it is
than to the thickness exteasional resonance of a thin plate. Thz stif-

fened velocity and acoustis izpedance of the transducer can be defined

then as follows:

D 172
- (—3—3) (3-22)
[

(3-23)

ol 1
.
<\
©

Various parazeters for PZT-5A and PZT-5H are tabulated {a Table 3-2
using the datz publishad by Jaffe and Ber:li.ncm.u'\:.37 These =aterials
have been chosan since they have high ccupling coefficients and high
dielectric constants.

The high coupling coefficient is desired for the saze reasoas as
discussed in Chaprer 1I; that is, broad bandwidth with high efficiency.
The high dielectrfc constant is most izportant for szall transducer ele-
=eats in order to keep the electrical {zpedance as lcv as possibie and
so =aking electrical =atching sizpler. All the av@iys reported in this
work were constructed of PZT-5A or its equivalent, depending on the
=anufacturer. ?PZT-5A has 2 sxzller aging coefficient than PZ7-5H and a
zuck higher Curie texperature, zaking it 2asier to work with than PZT-3H.

The =ost sizaificant aspect of the changes ia the transducer parame-
ters produced by sletting is the approxizate doubiing of the electro-
=2chanical coupliag coefficient, &.f. . The cocupling coastan: for the nar-
row, long elezent, k;i . is close in value 0 k§3 , the iength exten- -
sicnal coupliag comstznz of a thin rod,as seex iz Table 3-2. This doubling

cscurs =ostly since C';:3 1s decrcasad to about cne-half the uaslotted value.

;
K




TABLE 3-2

PZT-54 PZT-5H
PARAMETER
Thin dise Slotted Thin disc Slotted
¢, 11.1010*° — 12.6(10)1° —_
<, 8.000)10 — 8.4(103*° —
C§3(Slaz) 11,100 | 532000 | 1170010 6.09¢10)1°
erh | 100! | wsan?® jisia0!® | nsanl®
7, als) i sa0’ | 3sae’ || s.ssan’ 3.97(10)3
olkgl=) 7.75 7.75 7.5 7.5
Ea(kg/=z-s) 337 29.3 3.2 29.7
e () || 15.8 19.4 23.3 27.6
e g 330 857 1470 1508
ki.kg 0.240 0.47 0.255 0.58
K2, (0d) — 0.50 — 0.56
~ 59 -




Deubling kf, effectively halves the electrical Q of a series tuned
transducer, =aking the design of low-loss broad -bandwidth elezents a
sizpler tasx.

In addition to the large increase in k; » 1t can be seen that
there is about a 147 decrease fn the velocity and ispedance of the PZT
zaterials and a slight increase in the effective dielectric constaat.
These changes have litcle overall effect in che design of transducers
except that the thickaess of the material zust de reduced by 14X over
that of an unslotred =aterizl with the saze center frequency. The effect
of this thickness change on the configuratfon ratio G(= L/H) should not
be overlcoked, however, for reascns showm in the next sectfon. Ibese
effective parazeters are used in the transducer =odel with good results
%o predict the response of slorted gransducer elenents reported later

ia this chapter.

C. COUPLING TO LATERAL MODE

A sizple theory descriding the coupling between the two dilatational
=odes of a piezoalectric resonator as fllustrated in Fig. 3~1 has beea
carried out by Cnoe and Tierstens"' for the shcr-circuiczed case. Ihis ap-
preach is easily adapted to the open-circuized case vhich then can be
aoplied to the sizple one-dizmensional transducer todel. This thecrw
codels the elezent as two one degree~of-freedoz systens coupled through
a single zechanisn. This coupling theory was originzlly applied %o
elastic vibracion theory by Gliebz and 51::hsch:id:.38 where the fafi-

nite nuzber of degrees of freedom of a conrinucus body can de well ap-

oy
[
"

proxinated by suitably choosing a {inite nuzber coupled together.
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tvo degrees of freedcz coupled through a single constant sechanisa, a

biquadratic frequency equation is easily obtained,

(f: - fz) (fi-fz) = It S: , (3-24)

where fz and fb are the eigenfrequencies of the uncoupled systea
and [ 1is a dizensicaless coastant coupling coefficient. This equa~
tion is plocted on Fig. 3-3 on a log (fH) varsus log G(G=I/H) co-
ordinate systea. The dashed lines give the uncoupled resonant fre-
quencies, and the solid line the coupled frequencies. Following the

argunents of Ouce and Tiersten, a sizple way of deteramining the coupiing

coefficienrt © consists of selecting T to yield the known frequencies

at the endpoints of the fraquency curves for large and small values of &

In the nonpiezoelectric case,

fa = v’Cil/o (3-25)
1 —
fb 0 C33/c (3-26)

These frequencies correspond to dilatational zodes of large area plates.

172
€ - - <
Therefore, fa/‘b 1/G(Cnlc33) . Substituting this result inco

£q. (3-24) and taking the lizits 2s G approaches O and = , one finds

that f_ = fa V(l - rz) and fc = faq(l - rz) . For internal

[}

consistency then, this coupling theory can only be applied if
fclfa = fdlfb (3-27)

‘d
& loag thin plate. These frequencies are easily obtained, from Eq. (3-9

The regicns near fc and £, correspond to length longitudinal =zodes o

for f

<
1 C,, ¢ (o
£~ — Al 13) (3-28)
n s 1%
- 61 -
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and

2 ’
1 C C
R Y N ) ) (3-29)
¢ 24 [ CuC33 i
Therefore,
£ € ]
I 2 1
. - . [l - (Cn/cuc33)J R (3-30)
a b
and
2 . W2
T Cn/CnC33 . (3-31)
For isotropic saterials, cll 2 C33 sand T = Clzlc11 or
R I oa li's (3-22)

where o s Poisson’s ratio. As is pointed out in reference 34, the
lover branch gives excellent agreement with experizent, but the upper
branch gives cuch poorer agreexent because of coupling to additional
independent =odes vhich exist in this frequency range. The frequeacy
variazion of the lower mode with G = L/E for isctropic materials is
shown in Fig. 3-4 for varfaus values of ¢ .

The open circuited liniring frequencies for a plezoelectric

resonater are now derived. In region b , cke lixiting freguency is

the vell-known thickness dilatational mode of

[’

H C
] £, o= =g 2 (3-33)
B °
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Lower branches of coupled mode dispersion relation for fsotTopic
rectangular resonators for varying values of Poisson's ratfo.
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where

A .

r
13 33 L (e /c p 33 J (3-34)

Ia region & , the limiting frequency is that of the extensional =ode

calculated in the pravicus section vhere

c'
23 (3-35)
o

w o

2l

and C;s is defired in Zq. (3-19).

In region a3 , the limiting frequency is that of the lateral thick-

ness dilatazional sode. Witn a sinflar derivazion that leé to Eg. (3-33),

the frequency is easily obrained froz Eqs. (3-1C) through (3-12), assusing

S3 = (0 . Therefore ) CE
x‘a = — = (3-35)
2L °
vhete
b & I, R
SR LR N ‘1’] . (3-37)

In rezfon C , the limfring frequency is that of a lateral exten-

sicnzl zode analogous to I, where
]

1 ci‘l‘
fc = — (3-38)
2L °
vhere !
2\ ]
e «
o? o oF z _a 4
‘b " G (l YRR (3-29) 4
zz 12 4
€1 " ¢ leg ‘3/C~ ) o (3-20) ’
-~ 65 -
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af - o - ety . (3-31) :

-

and

] 3 2 £ . \
€22 a2t e23/c33 ‘ (3-42)

For int-rmnal consistency, the relation falfc = Sblfa should be satis-

f1ed. It follows directly from (3-33), (3-35), (3-36), and (3-38) that

:‘a/:'c is algetraically identical to

fblfd 50 that intarnal consis-
taecy is satisfied. Substicuting the parazeters for FZT-5A and PZT-5H,

falfc = 1.i¢ ia both cases.

To deteraine the coupling constant .‘2 , the ratio fd/fb =ust be

cast into the form

fd/fb = 1-17) . (3-43)

1/2

C’ ) (I-Z'Tz )
£/ = 1- ] | — (3-45)
4 b ( EE 1-x2

~E
~11 733 33

Substituting the parazeters for PZT-5A, !': is found to be 0.257 for
the open circuited czsa. A plot of both branches of the frequency
spectruz for both the open-circuited and shorc-citcuitedu cases is
shown in Fig. 3~5. Froa the figure, it can oe seen that there is oaly
a 9.3% frequency shift froz the opea-circuited extensional mode for a con-
figuration ratic G = 0.7 and a 3% shift for G = 0.5 . Xote that the theo-
retical curves are for the case of the resc--... <ith free bouvadaries.

An izportant problez ia designing elexeats where G is close 0

oae is theezergeace of the undazped =ode close zo the desized osassband

~ 6% - '
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of the transducer element. This =ode ir clearly seen in Fig. 3-6 where
the seasured real part cf the electrical input izpedance of lead-backec

(Z = 22) PZT-5A transducer elezents of varying configuratifon ratio is
shewn. As the configuration ratio approaches unity, this urdamped lateral
=ode, characterized by the sharp peak {n the curves, coves into the pass-
band of the element and decreases the bandwidth. The experizeatally c=ea-
sured frequencies for lead-backed elexzents with the G ratio between 0.37
and 1.03 are shown ia Fig. 3-5. Note thst the experizental daza are for
elexents damped with a2 high izpedance backing vhile the theory iz for
elezents with free boundaries only. The lateral pode frequencies are
about 23X lower than that of the lateral extensicnal oode deffnud in

Eq. (3-36), probably due to coupling to higher order modes. Tle exten-
sional =ode frequencies are slightly less than the open-circuit frequen-
cies calculated for an elezent with free boundaries. The downshift ina
these frequencies whea oae side of the elezent £s heavily backed is
expect.d fre= the one-dizensionai transducer =odel.

These data show that the configuration ratio should be 0.5 or less
sn thar the undazped lateral —ode frequency is at least an octave higher
than the center frequency of the passband. At this point, there is little
coupling betwesn the oodes, and the undesired =ode can be easily filtered
out 1f desired. Near G = 0.65 , ccupling tetweea the odes tegias to

1i=it the Landwidth of the transducer ele=ent as seen ia Fig. 3-6.
D. EFFECTIVE ACOUSTIC LOAD IMPEDANCE OF A& NARROW ELEMENT

A transducer array elezeat radiating i{ato a sexi-infinite loading
or backing zediva excii 5 waves f{n ail directions in these media. If

the elezeat is narrow enough, the power radiated into waves prepagating
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HOAMALIZED FRCQUENCY

Resl par: of experizentai electrical izpedance of lead-

backed PZT~tA elements 0.0635 o thick x 1.27 cn long

for varying valves of configuration racio.

Data taken

wita computer—controlied HP 4365 Vector Inpedynce zmeter.
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at an angle to the norzal becomes large enough so that the plaae wave
iongitudinal sode izpedance no longer adequately describes the load
izpedaace seen by the element. A variational theory is developed in this
section to calculate the effective load iz=pedance of the ele—ent at rhe
interface taking into account the longitudinal, shear, and Rayleigh
waves excited, as flluscrated fa Fig. 3-7.

This problex is analogous to the evaluation of the radiation inmped-
2nce cf an electromagnstic waveguide radiating into 2 sezf-infinite half-
space. A treatzear of this problea .3 presented in Harring:on39 for a
two-dizensicnal parallel-plate waveguide for the two cases vhere the
incident wave is either the TZM zcde or the dozinant IE zode. Harrington
dogs not rry te generate a variational expression for this radiacion
izpedance, bat the fiznal fora of his izpedance integral {s achleved in a
sinilar manner to the one presenzed here, that i{s, frca the cozplex pover
flow at the inzeriface between the waveguide and load mediwm. The differ-
ence fn the two expressioas lies in the nurmalization of the f{ategral.
Harriagton uses a heuristic approach to force the dimenslonality cf the
izpedance 2xpression te be correzt. The normalizazion shown in this paper
is 3 natural resvlt of the varfational theory. Neverczheless, it is iat.z-
esting to note that the aperture ad=fztance calculated in reference 39
is capacitive iz the case vhere the 2ssuzed field is zakea to ke uniforz
over the sperture andé faductive when the assuzed field has a cosine de-
pendence. &3 will be shown larter, the effective load izpedance of a
transducer &iczent is cspacitive when the load is a soiid and is inductive
wvhen the load is a ifquid. This cicurs since a liquid caceot support shear

waves and the assumed noresl stress field at the elezent-liquid interface
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2ust be zero at the edges of the element to prevent the integral expres-
sion for the admittance fro= going to a logarithmic iafinity. As the
Poisson's ratfo for 2 solid approached 0.5 (that is, a liquid), the
effective adaittance becomes sore inductive and approaches the liquid
czse, as will be shown.

A sinflar but alsc nonvariational calculation for acoustiz radia-

4
tors of varying configuration ratio was carried out by Miller and ?ursey"o

for the case when the radiator is terzinated by a semi-infinite solid.
The approach used ir refsrence 40 s identical to that found in refer-
ence 39, and the expression calculated is very close to the variatioral
expression derived in this paper for solids. Again, the difference is
in the norzalization integral. Points of divergenze betveen the two
thecries will be shown as the variational zheory is preseated. The
Green's function {n the load medium is calculated in all the deriva-
tions, and the resulting iategrals nuzerically evaluated. Due to the
lack of digital cozputers vhen the Milier-Pursey paper was vritten,
ounly a few valyes of the effective izpedance were calculated as a func-
tion of 3L vhere 3 is the wavenumber and 1 the width of the radia-
ter. A variational axpression for the effective admittance is derived
below.

If the element i3 regarded as a section of waveguifde, the acoustic
fields in che guide can be descrized by 2 norzal mode expansica. Follow-
ing Auid's developz=ent for reflection-sysmetsic vaveguide:u and neg-
lecting piescelectricity, vector functions can be introduced analogous
to tne equivalent "voltage” and “current™ parts of the fields for ths

:th wode. Fer guides infinite iz lengzh fa the y-dircction (Fig. 3-8),

—
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BOUNDARY—/ LOAD OR BACKING
MEDIUM

FIG. 3-8. Schexmatic drawing of waveguide model of transducer
elexent used to calculate variational fora of effec-
tive load izpedance.
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the “voltage part of the field is described by the vectors

—va(x.:)-
G, (x,2) = 0 {3-43)
Txl(x,z)
and the "curre. " part by
[Ty (x.2)
6}1("":) = b] (3~%8)

vaz(x.z)-

These fields can be separated into a product of the "voltage” or

"eurrear” azaplitude with a vector =ode fuaction, that is,

Ty = Vy(2) 5

- . (3~47)
{
Q = L(2) qylx)
where the E"'s and ax's are orchogonal and satisfy
fi..-i\*.d = -1 (3-48)

The i=zpedance of a given mode is defined %0 be

Z40

ol 9

h ]

for waves precpagatiang in e forward direction.

[ P
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In considering the transducer elezent as a section of waveguide,
it is assumed that prizarily a single code is excited and is inzident
frea the lefz upon the boundary between reglons I and Il in Fig. 3-8.

The reflected wave froz this boundary is d to be coxp d of all

allowable modes in the waveguide. The sy=setry of the structure iimits
the ailowable modes to the symmetric Lamb wave family. It is desired

o calculate the izpedance of the lowest order mode, Zl’ at the boundary
plane in Fig. 3-7. Since the other modes excited in the guide are all
reflected waves, thelr izpedances are ta2ken to be Z:'.#l = _ZYD ., the modal
izpedances for backward traveling waves. Therefore the totzl "curreat”

can be written

The voltage amplitudes can be deter=ined using Zgs. (3-47) and (3-48),
= - C - a -
v f ¢- s . (3-50)

Cozbining (3-50) aand (3-49) we fird that

- ql —*
¢ = fc - q ds + - g, 95 (3-51)
7 Z v

Now the complex power flow in region I is

1= = ..°
-3 (G’Q)dSI
1
ds Lé Zl g.3 asfc
qu f S - ’,/G-qx S'/‘G-qxds.
2

A T AT ey,




o=
[2]]
<l
[+
L.

(3-53) :

-:;-fE.Q"ds! [P
2 |
I

If we now assume !n region I zhat the mode excited is the extensional

oode previously described which is sizmilar in fora to the L, Llamb
S

wvave mcde in an isotropic plate, one can assume that

U gany oo

0 4]
[ ¢ . 61 = (] (3-54) .
TIJ Y1z s
where the assusption is most accurate near 3 = @ . Therefore, 7
@- "‘1 1 (‘3"1 1°

-— -t

If we now assume that TS = 0 at the boundary, (G - Q) =
*

T,v, - This assuzptioa is based on the grouads that the elezent is ‘

narrow and vibratiag with a sizple piston-like =otfon with very small

shear stresses. Therefore, (3-32) and (3-53) can be written

*
fr v dx - Z_fTJQI'xfTSqldx

1 (3-55) -
+Z 1/6 -*dxfE’ Equ .
e T Qu T % :
2 w

vhere we assuze unit leagth along the y direction.

The electrozagnetic equivalent of the left-hand side of Eq. (3-55)

i

is used as the starting poiant for the impedance calculation of Harrington. { K
] z

Eowever, th~ differences arise in the right-hand side. Harrington takes 3 B

the RHS eiaply as :V§2/Z . Tor the TEM mode, he chooses V = 1 and for

B




the TE mode V = L , where L {is the vidth cf the transducer. The
functional form of radiation impedance, determined froa the LHS, will

be correct, but the normalization is arbitrary. Miller and Pursey, cn
the other hand, express the particle displacement fields uz(B) in
region II in teras of the stress field as a function of 5 , the
x~component. of the longitudinal wavenumber. Assuming a for= of the stress
£ield at the boundary, uz(x) is then obtained by inverse transforming
uz(ﬁ) . The average displacement field ;z 15 obtained by integrating
along the boundary. The radiaticn impedance is then expressed as Z =
-lliu;z vhere 1'3(::) =1 for |x} < 1/2 . This impedance expression
reduces to the saze result as the varfational fors shown below only for
the case vhere the assumed field Ts(x) is unifora across the transducer

elenent. Otherwise, the normalization is different.

Expressisg v_| in terns of a Green's function, one can write
2'I1

"z("’ln = J TG (x,x") dx’ (3-56)

vhere % (x,x') 4s a Green's function to be derer=ined. Coazbiniag (3-35)

and (3-56), an expression for 21 is determined:

* "o it L [z [ -
i ﬂr3(x) £ (x,x") Tyix')dxdx’ + § -Zv—ofc 9y @[T - qudx

z f * »
1 T3q1 dx‘/"l':’q1 dx

(3-57)

1f the higher order modes are ignored, Eq. (3-57) is reduced to the fol-

Yoving expression for the admittance:

.Jffr;(x) % (x,x") Tl(x')dxdx'
S S5,
T3q1cx ‘r}qldx
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It is shown in Appendix A that Eq. (3-58) 19 variationmal in form with

respect to the forz of the assumed normal stress ’.‘3 . .
Equation (3-38) can also be written in the fors:

>
v . :/!1'3(::) vz(x) dx

1 T,q dx [T, d
f:“l" 3%

The Green's function can be determined then by Fourfer trarsforming

. (3-39)

the nuzerator of (3-59) so that ‘il is now written
*
-f T30 v (2) a5

zf' *dﬁ* d
3 T30 9% ) 13y ex

Now by assuzJm, a functional form of T.(x) =sazisfying the field equa-
Y 3 2

{3~
Yl {3-60)

ticns, an estimate of Yl can be found correc: to second order.

The forz of vz(i) in terns of 1‘3(3) wzs derived by Miller znd
Pursey for four types of radiating sources: (aj an infinitely leng strip
of finite width vibrating ncrmaliy to the zedfum surface; (b) the saze
long strip vibraving tangentially to the medius surface and aorzally %o
the strip axis; (c¢) a circvlar disc ¢f finite radius vibrating normally
to the surface mediux; (d) a torsiomal radiator in zhe form of a circular
disc of finite radius perforaing rotaticnal coscillations abou: its center.
Case (a) is identical to the cne evaluzted in this pape.. The integrals
in reference 40 vere evaluated by hand for six values of 2d . The fora

of v (8) ts derived in Appendix B for isotropic solids [Eg. (5-15)]}

and for liquids {Eq. (2-17)] . Substicuting (B-13) iato (3-60), one

-~
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obtains the result

2 2

/"‘(usl) 8+ 8 | 2
— T,(3)|7d8
w J[e2-85? + 455,871 3

fd s s 1

4
¥ -

1 2 * 4 *
L4 ‘1‘._,::[1 x 'l.‘:sq1 dx

vhere the parameters are defined in the appendix.

A siople form of the trial field Ta(x) is assuced vhich is unifora

vith x across the transducer so that

Ty » Ix]l <1/2
1'3(x) -

0 B i!l 21./2

where [ 1is the width of the elexent. The mocal field ql(x)

unifora so that the nor=alfized form is

174 , |xi <2
ql(x) -

o , Ix|l 212
Fourier rransforzing (3-62), one obtains the result

sin(8L/2)

T,(8) = T.¢
3 0 w2

and

2

-~ 2
od 8
s

L ¥ (sia(BLIZ))
—_— ds
VoanJ [@d-hT v as g 8]\ s
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(3-62)

is also

(3-63)

(3-64)
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Equation (3-64) {s evaluated in Appendix C. The zethod of inte-
grating the expression follows that of Miller and Pursey and involves
integrating along the real axis of the cozplex 3 plane and taking
fato account branch cuts at the longitudinal a2nd shear wave cutoffs
and the Rayleigh pole.

The norwsalized load izmpedance for a slotted elezent calculated
in Appendix L is shown in Fig. 3-% as a function of (le) for various
values of Poisson's ratio. For (kzL) > 1 , the impedance is essen-
tially real and cscillaces slowly about the longitudinal plane wave
impedance. Below (k:L) = 1 , the reactive part iancreases in value
rapidly so that the impedance becomes zainly capacitive. Since the
assused stress fleld Ta(x) was taken to be uniform, the izpedaace
calculated here is identical to that of Miller and Pursey a2t the six
values of le they evaluated. This cozplex-valued izpedance was used
as the backing izpedance in the standard prograz which cozputes the
electrical impedance znd insertion loss of transducers, using the
aodifted transducer constants for the extensional mode. As shown {n
the next section, the change ic this jmpedance, due to finite width,
has iittle effect on the transducer elexents of the widths used in the
arrays reported in this thesis, but zust be accounted for in marrower
elezents vhere le << 1.

For the case where the load zediuz is water, a sizmilar calculation
can be carried out by taking Into account that there are no radiated
shear or Rayleigh waves in a liquid. Substituting Eq. (B-17) from

Appendix B into (3-60), one obtains the following expression for the
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adaitrance:

wd
f(—g) 1,08 |28
2%
e i
1 -
) 22 [ 1iq,ax [ 1.604x
* § ) 3%

If one now assuzes that T

Y

(3-65)

3 is unifora across the element as before
and 9 is the saze unifora mode with £ = 3/k1 , the integrand in the
nuserator of (3-65) varies as

2

sin(leIZ)E
3 ( )
SRR WY R 723

vhich has a 1/Z dependence as £ gets large. This s a logarithaic
fafinity causing the iategral to diverge. This divergence is a result
of the disconzinuity in stress at |x| = L2 in the assumed field.

Physically, since the liquid caanct support shear waves, there can be
no discontinuity in stress at the bcundary. Recoviag the discontinui-
ties rexoves the divergence preblea. A series of assuzed fields that

does this is:

L - @m?) , xf <z
Ty(x) = (3-66)

vherz n 1is an even integer. VWhere n is large, T, is nearly uai-

3
forn except at the endpoints. This field is then very zuch like the

dilatational =ode in the transducer elesent. The inmpedances calculated

-



with these various assumed fields zre nearly identizal, attesting to :
the variational nature of (3-65).

Fourier transforaing (3-66) yields the result !

B2 are-nd’? cos(si2) at /241 $40(8LI2)
T,8) = Tpe T+ ¥ ——
= e-srnr @ - (5L/2)
(2-67)

Substituting (3-66) and (3-67) into (3-65) and noting w/3 = kl/Zl R
an expression for the adnittance is obtained as before. For the case

vhere n = 2 , this expression is

2

9 k I. 16 sin(k L:/2) 8 cos(leEIZ)
Y, / 1-¢ ( - 3 ) s
(leE) (kILE)

(3-68)

vhere £ = Slki .
As before, there is a branch point at £ = 1 corresponding to the

cutoff of longitudinal waves. For 3§ <1 , the adaittance is entirely
real. For § > 1, the adnittance is eatirely izzginary ccrresponding to
evanescent longitudinal waves. As shown in Appendix C, the proper sign on
the square rcot is negative (-!.Jiz- 1) in order to yield evanescent
waves. The integral was nuzerically integrated with a standard Xewton-

Cota2c technique and the calculated izpedance is shovn in Fig. 3-10. For

(le) > 5 , the {zpedance is zainly real and equal o0 the plane wave

-83 -

(e e e o
)

|

:

|

o

v
. *”"i S




o

L20IVTPUR IPTA
MITUEI Aq DD proY 2a3uA JO odUUPIdw} DFIRNODY DATINNIFA *QT-C

17y

"DId

(‘388—3m/6x 0! X) 3ONVA3dAI D11SN0JV

-85 -

- Wt}m«.—;iz‘ -




r s s e

impedance. Below (kil.) # 5 , the resl part of the izpedance rises,

then drops rapidly to zero. The reactive part, which is inductive,

rises to a peak at (le) = 2.5, and then falls to zero as (Scil.) +-0.
As described earlier, the capacitive nature of the load Izpedance

of a solid and the irductive nature of the load impedaace of 2 liquid

is sinilar to the cases of the clectrozaguetic waveguides in reference 39

since the cases depend on the funccional fora of the assuced field. Im

the acoustic case, the difference arises froa the izability of a liquid

to support a discontinuity in the gtress field at the endpoints of the

transducer. To show that this difference is real, a case was calcula-

ted where the losd was a solid with c = G.49 , chat is, al=ost a liquid.

This case is shown in Fig. 3-11 cozpared to 2 water load and a solid with

¢ = 0.4 . As cas de seen in the figure, the ¢ = 0.39 solid exhibits

a sore inductive nature than the 3=0.4 sclid, and the i=pedance charac-

zeristic fe intermediate between the two extrezmes. The effect of this

variazion {n load izped on the transduccr charactiristics is shown
in the next section. Hewever, for the widtn of esluaents used in the
experizentai arrays, this has little eifect on the bond-hape of the

traasducer 2lexents.

E. EXZYLDTVTAL RESULTS WiTH SIMPLE BACKED ARRAYS

I the previous secrfons, the theory of tall, thia transducer array
clomints was described. A sizple model to predict the characteristics of

the elexent waas Jev:lonsi, aud the acoustic load impedance seen by a
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FIG. 3-11. Cozparison of effeczive load izpedances of finite width
radiatier for Poisson's ratios of 0.4, 9.49, and 0.30.
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narrow radiator was described. The construction of broad bandwidth linear
arrays of these elezents mounted on a high impedance, lossy backing will
be discussed in this section including the manufacture of high loss, high
izpedance tungsten-loaded cpoxy. The experimental electrical impedance
and insertion loss of these elezents will be compared to the theory. The
radiation pattern of the elements will also be briefly described.

The easiest technique for achieving broad bandwidth in a water-
loaded transducer is to mount the transducer onto a matched backing.
Although most of the power generated Is radfated useiessly into the back-
ing ic this case, bandwidths of 80- 100X are achievable with ferro-
elactric ceramics. The bandshape {s nearly Gaussian shaped so that an
excellent impylse response can be achieved as weil. OQur first arrays
were builr using PZT-5A cerazic (ZL- 34(10)6) soldered to a lead
(zl - 22(10)6) backing. The PZT-5A was lapped to the correct thickaess,
surface finished with a 5 »3 grit and slightly polished. Chroze-nickel
electrodes of 2000 & thickness were rf sputtered on and the ceramic was
repoled at 150°C with a voltage of 50 volts per one-thousandth inch to
cozpensate for any depoling which occurred during the sputtering process.
A low teaperature solder was used to bond the nickel electrode to the
lead backing, typfically 4 c= thick. Excellent and reproducible trans-
ducer characteristics fron element tc element were achfeved with this
process. Problezs with the bond thickness were eliminated since the
solder and lead have nearly the saze i{zpedance. Thus, this technique
provided an excellent vehicle with vhich to check the theoretical pre-

dictions on trzasducer response.
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Lead-backed arrays are not useful fn izaging systezms, however. The
loss mechanism in lead, which yields about 4 dB/ca loss at 2.5 MMz, is I
prircarily by scattering and not by absorption. The scattered sound in
lead backings decays very slowly, requiring several hundred nicroseconds
to decay down to the thermal noise ).evel.l‘2 This background scattered
sound is picked up by the transducer eleme;ts and severely limits the
dynanic range of a receiver elezent since the received echo fron the
wvater is typically nct =uch greater than the backing noise. However,
one lead-backed array with 120 elezents 0.635 =a high x 0.381 =o wide x
1.27 c2 loag oa 0.635 = center-to-center spacing was buflr and success-
fully used 2s a transzitter array {* a transuission m=ode izaging systen.
A comparison of theoretical versus experizental electrical izpedance of
one such elezent is shown in Fig. 3-12. 7The agreement is excellent and
shows the usefulness of the zodified cone-dirensional =odel parareters
developed in Section B. The lcad and backing izpedances were taken as
the sizple longitudinal wave zmode iupedances in this theory. The 2ffect

of using the semi-infinite backing impedance calculated in Section D an

the electrical izpedance is slight as will be shown {mn the Jescription
of tungsten-epoxy backed arrays.

Because of the background noise associated with lead backings and
other zetals like sofz iron and brass, tungsten-loaded epexy backings
vere macufactured which yieldzd nct only the high izpedznce desired. but
also the high loss and fast background decay rates. Tungsten 1s the
obvious choice as the filler material because its izpedance (2t - 101(10)6)
is as large as can be found. Cornposites =ade of tungsten and epoxy‘s and

24

tungstea and vinyl powder  are described {a the literature. The first
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technique uses cungsten powder aixed with excess epoxy. The excess epoxy
is chen squeezed out {n a press. Backings were readily made using this
technique, but the highest impedance schieved was only zl = 1!.(10)6 .
In addition, the =aterial contained rany voids which would be disastrous
mechanically and acousticaliy if occutting at the surface where the
ceramic is bonded. The second method is carried out by nixing tungsten
and vinyl powders ia known ratios and combining the =acrix with standard
bot-pressing techniques. Lack of facilities precluded using this tech-
nique. A third cethod, suggested by L. Zi.x:elu,iS utilized vacuun impreg-
nation of epoxy into a matrix of tungsten powder. This methed was casily
izplenented. By coopressing the powder in a =old tc a given dengity angé
then vacuuz izpregnating, backing icpedance could be easily varied from
Zl = 12(10)6 te Zi “ 60(10)6 . Houever, as the izpedaace rose,the loss
drepped. A corpreomise choice was used for the arays with zi =25~ 28(10)6
with a loss of approximately 8 dB/ca.

All the epoxy backed arrays reported in this thesis were built using
a cast-in-place process developed Jjofntly with J. Fraser. In this =ethod,
the ceramic was bonded to the backing in the same step where the epoxy
was impregnated into the tungsten. This whoie process was carried out
in a mold. The =0ld was =ade in two parts, a bottoz plate containing
a vacuun tight "0-ring” groove which {s then Solted onto the =cld irself.
The =01d 1s open top and botten ama conforzed to the shape of the backing.
The cerazic is placed ia the bottos of the =old with the bottom plate ia
position and held flat agafast the bottom with spring-loaded rods to pre-
vent particles f:o; getting underneath the ceranic. Tungsten pewder is

poured into the desired thickness and co=pressed with a raz te the desired
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density. Epoxy, Dow Chemical resin DER 332 cured with 14X metaphenylene
diacire by weight in this case, is pourad ca top of the tungsten. The
vhole =old is then placed into a vacuun station and puzped down to
100-300 u. This process evacuates all of the air froz the mold. ¥%hen
the vacuua is released, air pressure simply forces the epoxy into the
evacuated tungsten powder. A bar is clawped onto the back of the tungsten-
epoxy matrix until the epoxy cures to keep the tungsten particles in inti-
mate contact with the ceramic. This last step is vitally izportant as a
fairly thick epoxy bonding layer develops if omitted. This process elini-
nates the need for a separate, elaberate bonding process to atzach the
ceranic to the backing and yields consistent, uniform results. The "equiv-
aleat" epoxy bond thickress is less than 1 um as zeasured im angle-cut
sa=ples and in cozparison to theoretical resuwits generated froz the cox-
puter progran.

The impedance of cozposite backing rateriais depends strongly oa the
size, size sixture, and shape of the particles used. A powder contaiaing
a range of particles of spherical shape will pack more densely than single-
sized or jagged particles. 3Backings made with ferac flame spray tungsten
powder sieved to -325 pesh (less than 44 nicrons) with no pressure packing
caze out with an izpedance of 23(10)6 when simply vacuunm izpregnated. How-
ever, with shape and size variability between powders, the izpedance pre-
diction remains an e=pirical oane.

The lose in these high impedance tungsten epoxy backings is kigh, but
reflections from the back of the backing still limit the dynaxic range of
the array. The backing =2y be made as long as desired with coaxsequenl size

and weight penalties or cut into a wedge-shape as one with znother array
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reported later. A oore rubbery material, whether a vinyl pewder, a
wre flexible epoxy, or urethane, stould greatly eahance the loss ina .
the backiag. These materials are polymers in general and thus visco~
elastic materfals; alco, rubbery =materfals tend to be more viscous
<han elastic.57 The greater loss in these =aterials is a result of
the higher internal friction fn the raterial and to complicated
polymer relaxation phenomena. The Dow resin vields a very low vis-
eosity, low shrinkage, and hard and highly cross-linked epox:.'l'6 which
is excelleat for vacuun izpregnating but i{s not as lossy as other
binder materials since it behaves more like an elastic material.

Several arrays with 100 to 128 individuzl elezeats were buil:
using the cas -in-piace; tungsten-epoxy backings just described. The
PZT-57 ceramic plate with chrome aickel electrodes was first cur iato
10 e x 1.27 c= x 0.0535 c= slabs so that the free boundary half-wave
resonance of narrow slotted elements was 2.97 MHz. The backiag izped-
ance was 25(].0)6 so thar the center frequency was downshifted to about
2,5 ¥Hz. CGround conanection to the elecents was sade by laying 2 0.001
inch thick brass strip next to the ceramic before pouring the tungsten
powder into the mold. Direct soldering of the brase to the nickel
electrode was unsuccessful as the high pressure (4000 lbliaz) necessary
to get the izpedance desired also tended to crack the ceramic in this
case. As the backing was oaly slightly conductive, the brass was capaci-
tively coupled to cthe nickel. The individual elezents were cut cvne at
2 time on 0.020" or 0.025" centers using a 0.006" diamond saw. The kerf
of such saws varied from G.008" to 0.010". This left elements 0.010" to
0.015" <ide although each array had elezeat widths varying only by 2t =ost

0.001", A gold wire G.002" in diaveter was spot-welded onto the top of
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each clezent to make the hot connectfons to circuit boards glued to the
sides of the backing. I=mpedance trznsformers were used to catch the high
inpedance of cleceats, typically 800 okzs, down to the 50 ohas of coaxial
cadble.

The arrays were glued into an aiuminua housing, and a protective
zaterial placed cn top of the array. The design of this proteccive layer
is izportaat. ideally, the spaces betveen the elz2meats should be air
£illed to preveat accustic coupling between elements. Zpoxy aad epoxy
filled with glass zicroballoens were uasuccessfully tried as filler
saterials. As described later, sflicon carbide lcaded vrethane was suc-
cessfully used in a Guarter wave matched array. The {deal material
would be "hard air" which =ight be nade from various hard-setting foams.
To protect the top of the array from water and zechanical damage, "hard
water” would be the ideal material so as not to disturb the character-
istics of the traasducers. in the reported arrays, a plastic tape was
used which was vacuvm suctioned onto the array. This tape was 0.005"
thick, but had an acoustic fzpedance of less than 2.0().0)6 and wvas very
pliable. This piiabiliity wvas izportant so as to veduce the acoustic
coupling through shear waves in the tape. This tape worked adequately
for these arrays.

A cozparison of the experimental and theoretical elecirical izped-
aace of an array elezeat {s shown in Fig. 3-13. This 128 ele=ent array
was used in a reflection mode izaging s;fs(e:‘7 vhere two individual ele-
zeats vere connected in parallel to fors one transzitter or receiver
elezent. The individual elexments are 0.292 cx wide « 0.0635 ca high ~
1.27 ¢z long backed with Z = 28(10)6 tungiten epoxy. Excellent agrze-

=ent between theory and experizent is seen in Fig. 3-13. The theory
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does include 200 pf serfes capacitance arising from ground lead coupling
through the backing =aterial. The theory does not faclude the cocplex
load or backing impedance. A cocparison of the thecretical electrical
izpedances of z slotted array element (G = 0.46) is shown in Fig. 3-14
where in one case the plane wvave load impedances are used and in the
other, the cozplex effective losd impedances are used. The difference
between the two cases is small except at lov freguencies vhere a szmall
peak in the real part of the impedance is observed at f/fo = 0.25 .

The zeasured electrical impedance, shoun in Fig. 3-13, {s shown in

Fig. 3-14 as vell and has a sinmilar peak at f/fo = 0.47 . This is con-
sistent wvith the neasured electrical impedances of lead-backed elements
shown in Fig. 3-6 wvath € = 0.50 and G = 0.40 . In these cases there
i{s a peak approxinmately at flfo = 0.40 . It is very possible that
these observad effects are in fact the effect of the complex load i=ped-
ances. The discrepancy between the zeasured and predicted peaks could
be accounted for by the approximations used in the varfational theory.
It is clear that fer narrow radiators like that in Fig. 3-6 vhere G =

0.40 , the peak in the impedance on the low edge of the passband couid

yield soze undesirable r in the frequeacy response and concox~-
ajtant riaging in the impulse response.

The insertion loss of ten array elezents connected in parallel is
shown ia Fig. 3-15. This 100-ele=ent array was used as a receiver in a

transzission mode phase contrast imaging :systt::.l.l's’69

The elezents,
cennected singly, are 0.0366 co wide x 5.0635 co high x 1.10 c¢a long.
A 4:1 izpedance transformer was used to bring the input i=pedance of the

elezents down to the reference 50 ohms; 3.5 dB was added to the measured

data to cozpensate for the power reflected into the spaces between the
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elezents. Diffraction was neglected as the air-water interface was
only 1.0 ca frea the array. Good agreement between theory and experi-
zent {s seen; the measured dandwidth is 96X and the insertion loss
is 25.5 dB. Because G is rather large (G = 0.58) in this case, a
strocg rescnant peak is noted st 4.2 MHz corresgonding to the undazped
lateral resonance. This wvas of no concern in the cw fz=aging systez for

which the array was used, but in the case where ths element {5 excited

by a bdroadband pulse, chis r would long decay-tine riaging

in the transducer response.

F. QUARTER-WAVE MATCHED ARRAYS

The efficieacy of sizple backed arrays can be increased using the
acoustic satching techniques described in Chapter lI. Quarter-wave
matched arrays can be built with one or ocre full face matching layers
or with fully slotted layers and a face plate.

Sevaral quarter-wave matched arrays have been reported in the
literature. One array was coanstructed with two full-face matching
layers, one epoxy (2 = 2.7) and the other arseaic sulficde (Z = 8.3},

and operating at 2.5 or 3.5 }mz.5°

The bandwidth was reported to be

on the order of 70% with theoretical round-trip insertion loss of 0.5 d3.
The ele=zents were constructed with a2 width to height ratio (G) of 0.7 or
less vhich is slightly greater than the narrow elezeat range of G < 0.5
discussed in this paper. Although not reported ir refereace 50, the
bean width of the elezents i{s expected to be szall siace the guarter-
wvave plates are unslotted. This is the case since accustic cross-
coupling through the =ztching layers could zake the effective width of

the element =uch larger than the width of the transducer elemeat. A
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second array reported recently is constructed with a single slotted
quarter-wave :laten on narrow elezents with G < 0.6 and operating
at 2.25 MHz. High efficiency and 30% bandwidth were reported for this
configuration. No mention was made of the spatial frequency response.
It is known, though not reported in the open literature, that several
zanufacturers of imaging systems also use single-quartar-vave matched
arrays. No data is available on their characteristics.

The array design described here ideally uses two fully slotted
layers as shown in Fig. 3-1, so that the angular accepzance is large.
Since the zatching layers are slotted, the acoustic properties of the
sections cannot be treated with a sizmple plane longitudinal wave theory.
A similar theory to that used for the narrow transducer element caa be
used, however.

1% lead zirconate titanate is used as the active caterial, ac
least two matching layvers would be desirable froa the results of
Chaprer II. Siace the slotted eleceat has a large effactive coupling
constant (kig = 0.47 for PZI-5A), three layers would be nore optiaal
than two. An ideal triple matched elezent case was computed which had
110Z 3 dB bandwidth when air-backed aad 74X bandwidth with a backiag
i=pedance of 10(10)6. However, the increase in bandwidth over that of
the double zatching lzyer shown in Fig. 3~-17 had only a =arginal effect
on the izpulse response. Because a triple-quarter-wave =atched traasducer
elexent wouid be a difficult structure to implezent in 2 fully slotted
array, no further develop=ent of this case appeared to be warranted.
However, the high value of kig for PZI-S5A is very iz=portant ia thatzo
tuning i{s aecessary to achieve high efficiency. A series inductively

tuned slotted elezent only yields about another 2 d3 less insertion loss.
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From Table 3-2, the slotted ceramic (PZT-5i) has an impedance
30(10)6. From Table 2-1 the optizal zatching layer {zpedances for
a water load avte 6.07(10)5 for one layer, 8.3!.(2!.0)6 and 2.30(10)6
for two layars, and 13.-’.(10)6. 5.06(10)6, aad 1.83(10)6 for three
layers. The theoretical electrical izpedance, fansertion loss, and
iopulse respcnse for one aad two =atching layer array elements are
shown in Figs. 3-16 and 3-17, respectively. A backing impedance of
14)(].0)6 was assuzed, and no electrical tuning was employed, but
electrical impedance rmatching was. The f{nsertion losses are then
6.5 dB and 6 dB, respectively, at band center, and Gaussian-shaped
passbands are partially achieved. The sirgle quarter-wave plate

elenent weuld have 38%, 3 dB bandwidth and a very sy=metric iz-pulse

-

response. The double =atched ele=ent has §5% bandwidth and 2 =ore
cozpact impulse response. The double matched element has a more
square bandshape than the siagle natched case, however, and a less
sycmetric ispulse response. The probles beconmes trying to find
caterials that vhen slotted, have unifora field distributions and
i{mpedances close to the optizums as shown in Ffigs. 3-16 and 3-17.
The design of an experizentzal double =atched array is described
vhich uses glass and epoxy zatching sections.

The properties of the matching layers for narrow elezents caa
be caiculated using the sizple coupled mode resonator theory shown
iz Section 3-C, assuaing that the layers are isceropic. Fer zate-
rials with szall values of Poisson's ratio (¢) , the phase velocity
in the sloctted section rezains very close to the longitudinal velocity

{Eq. (3-29)] for coanfiguration ratios less than C.7. Also since C13
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is small in this case, the extensional velocity is about 30% of the
plane longitudinal veloc#ty. The experinmental arrays reported here

were built with a layer of light borosilicate glass (21 - 11.1(10)6,

v, = 6.91(10)6. and ¢ = 0.25 ) with a configuration ratio (G) of

9.5. The section was considered as a half-wave resonator to determine
the properties, and then the height divided in half to make a quarter-
vave zmatching section. With chis approach and us.sg Fig. 3-4, the
oodified parazeters for the slocted glass (G = 0.5) were Z = 10.4(10)6
and v = 6.56(10)6 . This izpedance is not close =o the optimal value
of 8.31(10)6. bat there are very few other materfals with properties in
this range. Arsenic sulfide would be a good chcice here, especially

i its 9 4s swall; buc {s not readily available and it is difficulr to
work with as it cracks easily and is poiscnous. Another possibility is
a powder-loaded epoxy, but this sort of caterial usually has a high
Poisson's ratio vhich presents other probleas o be discussed.

Another way o examine the properties of ithese sections is to con-
sider then as short sections of acoustic waveguide. The zodes of free
toundary isotropic waveguides are the well-known Lacb waves and hori-
zontally-polarized shear waves.s’ The mode of interest here is the
lowest order symmetric Lamb wave (zhe dilatational mode labeled L, 1n

1
Sost texts). Near the 3 = 0 1iazic, the fields of L, are unifora
across the guide and are like the extensional mode discussed in the
previous sections. In fact, the coupled modes examined ia Section 3-C
are like the dilatational =modes L1 and L2 in the 2 = 0 lizmfz. It
will be assumed that the antisyzmetric oodes are not excited in the
array structure described. The dispersion relation for the sy==etric

Lanb waves is the Rayleigh-lamb frequency relation, or
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P .2
tan ko L/2 48 ktikcs ,
Ty 33 3-719
tan kr.i L/2 (kts-b )
vhere
2 2 2
ktz (;/vz) -8
(3-80)
2 2 z

Solution of (3-79) fer L1 for s=all 2L shows, as expected, that the
phase velocity is the extensional velocity previously calculated. This
approazh is intultively zore satisfying since che =atching sections zre
treated in the KiM —odel as sections of waveguide. For szall valuesof

3L , the theorfes give identical results. For the glass =atching sec~

tion ia the array to be descrided, 3L = 1.5 which places it easily in
the regime where the Ll =ode {s an al=ost vniform dilaraticnal =ction

with a phase velocity of 5.66(10)6.

°

-

However, materials with ispedances in the range 2(10)6 to 7(i0)
are alsost all plastics, epoxies, or powder-loaded epoxy cozposites.
These materials are "soft” in the sense tha: they have szall shear
stiffnesses aad hence large values of 5 . The epoxy used in Section
3-E (Dow 332 hardened uith zetaphenylene diazine (¥PDA)) has a = of
€.37, but most of the others are closer to 0.40. Since C13

tively large for these materials, the extensional velocity Is substan-

is rela-

tially downshifted froa the plane longitudinal velocity as seen in

e Vet e e B e

.
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Fig. 3-4. Ffor ¢ = 0.37 , V /V, ~0.82 and for G = 0.40, V /V, = 0.74 .
e i e’ i
The izpedance of a sistred element, operating in lhe pure extensional
L . regize would also te downshifted. The Dow 332/MPDA epoxy wouid then have
an fizpedance of 2.77(10)0. The strong coupiing in this material, since
2
the coupling constant is (CBICH)" froa £q. (3-31), starrs to upset

the extensisnal nature of the mode for values of G greater than about 1/3.

The twe lowest order dilatational odes Li and L, for this =ate-

2

rial are plotted In Fig. 3-18. It is easily seea froan the figure that

to operate the sectfon in the i’l

be on thz order of cae. To cperate at a cenzer frequency of 3.79 Mz,

dilatationsl mode, 3L = {'.:/V?)L sust

the wvidth of the sectfon zmust thea be rfrom the figure about 30 :m». The

} height of the zlezent for quarter-wave operation at 3.79 2z wouid de
3 149 ua, The total height of the element including the cerazic and twe

quarter-wave sections would be 911 va. Iae element would be ten timas
higher than it was wide. This is an extrezely hard configurati.n <o

fabricate for high frequency arrays, esvecially with zany elezeats. The

elezents would be extremelv frxgile and difficult to cut with either

dianond saws or wire saws.

T, T2 TCTTLERNY

An alternative soluticn would be 20 use = {ull face quarter-wave
slate over the eatirc top of the array. As zhown ia Sectiocn 3-D, longi-
tudinal, shear, ané Rayleigh waves weuld be launched into this medius,
tut if the 2lexent were adt too narrow, that Is :f 3L wereone or greater,
the izpsdance of the layer would be very close to the sizple longitu-
dinal wave ispedance. This full face quarter-wave plat¢ would also
3ct 28 a protsctive coating over the face of the array, not letting

water penetrate between the elements and mechanically supporting the
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array structure. The penalty for using this approach is introducing
acoustic cross-coupling between the elezeata frea oodes excited in the
1 full face layer., As will be shown, iz is desicsble from angular beax-
width considerations to keep this cross-coupling below 25 dB. However,
even in a fully-siotted array, a face plate is required and the saze
considerations spply. 7he face plate in this case should be =zade of
an acoustically fdeatical material tc water. Some polvurethanes coze
close to this requirezeat. One fs used in refervnce 51 as a grotestive
face plate which has virtually identlcal acoustic properties to water.
A 180-slexeat quarter-wave matched array vas designed and built to
operare with fully-slotted elerents at a 3.8 MHz center frequency. The
) array was fabricated by epoxriag a 0.018" thick ¥ 4" x 0.490" wide slad
of PZT-SA witk 2000 X thick chroze nickel eleczrodes to a 0.012" x 4
x $.5335" piece of borosilicate glass. The extra width of PZT-5A was
included in order to make electrical connection. The thin-bonding tech-

nique of Papadakisn vas used to insure a negligibly thin bond between

the glass and cerazmic. This siab was then epoxied, using the saze tech-

nigue, tc a backing of silicon carbide loaded epoxy (2 = 9.5(10)6) forzed

T I

into a loag wedge shape (2.5" x 0.5") wizh a lossy flexible epoxy coat
z2round the wedge. The long wedge shape with an included angle of 11.~"°
enabled the acoustic waves to be reflected froo the sides of the wedge
8 tizes belore being re-reflected back towards the cerazfc. The in-
creased path length and =any reflections served to attenuate the sigmal
greacly by loss ia zhe backing (8 d3/cz), mode coaversion izto shear
waves, and refractioa inzo rhe surrouading lossy flexible epoxy. A

wedge with an included angle of 20% would have only three reflections

How -




before being directed towards rhe ceramic. Experizeatally, a cosnercial
transducer (3.3 MHz) was used to launch a pulsed signai iato the backin
vedge. The resultant signzl nofse was 50 dB3 delow that of a reflected
signal froa a flat surface in ajuzinuz 1 ca thick. =Zleczrical comnec-
tion was =ade with 0.001" cthick brass leads 0.010" wide on £.020" ceaters
soldered to both edges of the ceramjfc. & 0.004" thick piece of Dow 332
epoxy was then cast cato the front of the glass to make the outer guarter-
wave plate. The elecirical coaneczfons were drought down the sides of
the backiag by leads on printed circuit boards. The elements were then
diamond saved with 2 0.006™ blade. The keri of the saw was 0.008" re-
sulting in elezeats 0.012" wide on 0.020" centers. A photograph of this
array is shown in Fig. 3-19.

In this configuratfion, G = 1.5 for the epoxy section and if
operating in the exteasional ocde, an expected phase velocity of
1.35(10)6 and izpedance of 1.66(10)6 from Fig. 3-18. Hence this section
is virtvally identical to water and has litcle effect on the charactes~
istics of the elerent. The experimental izmpedance for this elezent is
shown ia Fig. 3-20. A prozounced peak at bandcenter is uncéxpected and
appears to rasult from the epoxy section =cde hopping to a higher order
2ode vhers the effective impedance and phase veloci:y are =uch higher.

As tae width of the epoxy quarter-wave matching layer is greater than

the height by 505 in this case, it is difficulr to predict the exact
nagture of the fields in the section. The electrical izpedance of a
transducer elezeat is shown in Fig. 3-20 compared to a theoretical
calculation where the oodal velocity and fzpedance of the epoxy matching
seczion is taken to be the sizple plane longizudiaal cnes (vz - 2.?5(10)3,

Zi - 3.38(20)5). Iz this case, the thickness of the epoxy zatchiag

- 108 -




1 SONEY

2.
[
TN

<

*AU2IU poydIvw dAUM=2DIIUND DTQNOP IudWATA-0g] JO ydvaBorony *gl-€ 014

~ 109 -

Ky :

it

o




| B —————r - %

‘61-€ ‘814 ur Aviav JOo JUOWATO OUC JO dduupndwy [UOTAIV0[N TUIUSWEIOIXY

AON3ND3Y4 A3ZITVWHON .
0'2 S't o'l S0

ooq‘ﬂo e t +

®

ZHW bi'p = O}
AHO3HL —
ViVA TVLNIWINIIXT eeee

'0z-¢

90~

<
o
]

2o-
0’0
20
v'0
9'0
8'0

0’1

'014

‘JONVA3dNI TvIiyL10313

WHO A

- 110 -

L AR e S #v




B )
- B ~ s

“I

\

IS w;w&'m
.

4

H

\

)

1

section &s 0.3153 Xo where “o is the wavelergth corresponding tc

%
: t the resonant frequency fo of the cerazie. This Is nct clese to
- the oprizal quarter wavelength thickness and z{vas a very pesky

frequency respoase. Tae zatch batween theory and zxpeciment is not
very good, but this calculation does pradict zhe atremg peak near x’o
showr: in cthe experizentzl dacte.

in orday to smocth out the frequendy rsspoase of the array ele-
seatg, an additionsl 0.D04" chick layer of epoxy was giued onto toe
face of the array so that the tozal thickoess of the epoxr was £.008".
Io addicfon, before this lzyar vas attached, a pixture of highly
absorptive silicon carbide loaded polyuretbins was vacuus impregnated

into the grooves becween the array elements. This measure sesved to

e

dazp out the Isteral rzscnance of che Zransducer alements wiich had
been avidenl ia the izpulse response. It also gave greater structural
tigidity to the array ftseif. The additicn of the axtra laver of epoxy
kad the desived rzsult in that the frequency response of the eiczents
w2s smoothed out 3s shown in 3 plot of the =slectrical fapur izpedance
in F13. 3-21. & theerzticai curve iz shown 1a Fig. 3-21 which assuzes
that th: modal velocity znd izpedance of the epoxy, including the slocted
section and the extra full face layer, are the sizple loagitudinal ones.
The z=atch is no: good, especially at the high frequeacy end where the
theory does nct predict the low radiatfon resistance seen in the experi~
sental data. The cozplicated nature of the —odes excited in the slotted
epoxy matching section appear to preclude a better prediction of the
transducer characteristics. However, the smooth {requency response of
the elexzent yields a co=pact Izpulse response as will be shown. The

insertion loss is quite low as well.
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The insertion loss of the transducer array elezents was deterzined
by first connecting 14 elements in parallel so that the effects of dif-
fraction loss wouid be largely elininated in the reflection mode experi-
sent to be descrided. This procedure gave an faput izmpedance of 52 ohzs
ac =45% at 3.5 ¥z sc that the elements could be catched to a 50 oha
generator. The transaitted signal was reflected cif an ajir-water
iaterface approximately 0.5 c= away, and the received signal =zeasured
with a high izpedance probe so that the transducer elements were loaded
by the 50 oha generatcs. The total l4-elezent length was 0.7 c= so that
the path length in water was well within the Raylefgh range (approxi-
«=ately 10 ¢a £a this case). An addicionzl 2.2 dB was added to the ex-
perimental data shown in Fig. 3-22 to account for the refiected sigaal
which was incident upon the gaps between the elements {0.008" gaps to
0.012" wide elemenzs). This assumes that the signals produced frca the
individuzl elezents would diffraction spread anéd upon reflection pro-
duce a uniforn bean incident back upon ths fece of the transducer array.

As seen in Fig. 3-22, the ainizua round-itrip insertion loss is
11 &8 at 3.85 ¥Hz, and the 3 d8 fractional bandwidth is 453. The 3 dB8
cutof{ frequencies are 2.73 MHz and 4.2t Miz. The 6 4B cutoff fre-
quencies are 2.57 MHz and 4.43 MHz. The bandshape is flat over the
passband with a 1.5 d& bu=p at 3.83% ¥Er. For cospariscn, the theo-
retical iasertion loss of an elezeat with the sa=v psrvapaters as in
Fig. 3-21 is alsc shown in Fig. 3-22. The theoretical case shows § d3
round-trip inserzion loss and an 82% 3 d3 bandwidth. The extra 5 d3
loss in the expericental data is difficult to explain but is coasis-
tent with practically every transducer the author has zade. lost of

the loss fn bandwidth occurs at the high frequency end as was noted
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earlier. The decrease in bandwidth {s responsible for the extra cycle
in the expericental izpulse response shown in Figz. 3-23, over that
expected of 2 70~ 802 bandwidth tramsducer.

The experimental izpulse responsz was also measured usiag the
14 elezents ccanected {r parallel and observing the refleczion off an
air-water interface. The excitation was a single 3.0 MHz cosine pulse
generated from an Exact 7271 generator and is shown iz Fiz. 3-23(a)
as loaded by the transducer elezents. The ixzpulse response is shown
in Fig. 3-23(b) and comsists basically of a 5 half-cycle response at
3 iz,

Since each tramsducer elezeant has a very high izpedance, on the
order of 750 ohas, it is necessary to traasfora tbis izpedance down to
30 oh=s for optimal iapedance natching into a 50 ohm cable. Traasforzmers

wers wound with an 6:31 turns ratio on high permeabiiity ferrite cores

(Indiana General 7704) so that the impedance of an elezent was 50 ohxsat
3.5 Miz. The large nuznber of turas was necessary to increase the para-
sitic parallel inductance and resistance in the transforzer to large
enouzh values so zhat they had =zinfmal effect on the bandshape and
insertion loss of the elezeats. The transforzers take 50 V on the
prizary without saturaticn or 200 ¥V on the eiement itself. The parallel
inductance does ot affect the real part of the eleczeat izpedance above
1.6 Mz, but there i{s a slight tuning effect on the izaginary part. This
would serve to lower the iaserzion loss by 2 szall acouat.

The ippulse response of a single impedance zatched élezent was
npeasured by P. Grant by reflecting a signal off a 0.018 =3 diazeter vire

target, The excitation and izpulse response are shown ian Fig. 3-2%.
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——4 14——0.2 Hsec

{a} EXCITATION

—--I ‘4—0.5 psec

(b) IMPULSE RESPONSE

FIG. 3-23. Experinental ispulse response of 14 elements of array
. ia Fig. 3-19.
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—ﬁl }‘—— 0.5 psac

{a) EXCITATION

VAAA e

‘u{ '*— 0.5 psec

(b) IMPULSE RESPONSE

FI1G. 3-24%. Experizental impulse of one element of array in
Fig. 3-19 reflected off wire target.
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The excitation was a €.25 usec wide square pulse in this case. The
cpuise respoase shows a 3.5 MHz 5 half cycle response very similar

to that shown in Fig. 3-23(b). Additional ringing 14 dB down from

the main response i{s observed wnich exteads 1.5 isec bevong the zain
response befcre decaying away.

The angular acceptance cf a single izpedance mazched elezeat was

zeasured by rctating the array about the long axis of the eiezent

while insonified bv piane wave from a transaitting transducer The
zeasured angular accegtance is shown in Fig. 3-25 for four frequencies
and is coaopared o wue theoretical rasponse predicted froa Zg. (1-1).
The measured 3 d3 acceptance angles were «24° at 2.5 MHz, :23° at

3 MHez, +16° ac 3.5 ¥z, and :..5° at 4 MMz, The values are auch less
than the ideal values of 610, &70, 38°, and 31°, respectively, obtained
from Zq. (i-2). These low measured acceptance angles at; attriduted o
strong cross-coupling between . he array elezents, oostly in the full
face epoxy layer on the face cf the array. However, the acceptance

angies are adequate for =ost imaging systems.
G.  CROSS-COUPLING BETAZEN ARRAY EZLEMENTS

Acoustical ané electrical cross-coupling between the elezents of

an array can produce undesireable artifacts in the spatial frequency re-

sponse of an individual elezent. As shown ia Eg. (1-1), the spatial

frequency response of an elezeat with 2o coupling is a simple sin x/x

- 118 -

<RI NPy
P P

&




s L2 fe25MM2
8 024°
Qs
Qae -
a2

-3 -2 -8 .3 s =] 25 32

w2 fe3unz
823"
. g . te .
g . as .
=
3 - o4 .
> -
= - :
=3 a2 .
‘ o
-3
(Y] S A
<3 .23 -» -5 03 3 2B 3
e a
° 12 fedsmny
2 w0 [ X1
o g e
F . ’
3 . os ~
H . .
z . Q6 -
- e .
L as T

B o LY S

=33 =25 -3 -3 3 3 23 38
ANGULAR XCCEPTANCE, DEGRELS

FI6. 3-25. zparison of thecretical and experimental angular
acceprance of a doubdble grarter-wave zatched trans-
ducer arzay as a function of frequency.
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response:

F(2) = sin(kl sia §/2)/(xL sia 2/2) (1-1)

vhere k 15 the wavenuuber in the load rediun, L che vidcth of the

eilezent, and 3 £s the angle away from the surface rormal. If the cross-
coupling is large, the spatial frequency response can be quite different ‘
than Eq. (i-1) and the angular bean width reduced significantly. One :
kind of cross-coupling would be distributed coupling in an array face

plate. If the acoustic izmpedance of a face plate were different than

that of the load zmediuz, a transzitted signal froo one elezent would be
partially reflected from the face plate-lcad interface and be transaittea

at points laterally down the face plate away from the transaitting elexzent.
The net effect would be an affective radfating surface wider thaa the trans-
aicting elezent. The spatial frequency respoase would be sozewhat like

that of Eq. (1-1) except that the width, L , of the el2zent would have

to te replaced by an effective width, i , where 1 >1 . Therefore,

the acceptance angle would be smaller than that predicted by Eq. (1-1).

Radjatfon from excited filler zmaterial beiween slorted elezents could
also have this effect.

Adjacest elezents to the transaitting element can be excited acous-
tically or electrically. A sizmple theory can be constructed to accouat
for this sort of coupling by assuzinz the coupling zmplitude to be of
the form :xei'a where a2 is a coupling coefiicient and § 15 a phase

th a_ind
shift. The coupling to the =a aearest neighbor then will e 2"e¢” .

The spatiai frequency response is easily shewn o be

F(3) = A sinc(kL sin 2/2) 11 =2 Y . oa"e™™ cos(aki stz 3)| (3-81)
4%
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vhere 1 1is the center-to-center spacing and X {s the auzber of
aneighboring ele=ent pairs. As can be seea in Eq. (3-81), the first
tera is just the uacoupled sin x/x response of a single element.
The tera ia brackets is the sodulation due to excitation of neigh~
boring elesents.
Soze cf the effects of cross-coupliag caa be dezonstrated by examin-

{ag plots of the spatial frequency respcase shown in Eq. (3-81). Inm
Fig. 3-26, {F(8)1 1s shown for several values of coupling ccefficient
including only nearest nefghbor coupling and assuming Zzr¢ phase shift,
a ceater-to-center spazing to width ratice (/L) of 2, and &k = 168 .
It can be seex that coupling of ~20 dB introduces fairly significant

\ ddulation of the bean pattern and a reducticn ia the 3 dB half bea=

1 vidth frez 40° to 15°. Similar results show that cross-coupling should
be kept 2 belew 25 to 30 d3 in order to zchieve broad acceptarnce angle
trangducers. The 2ffect of phase shift can aiter drastically the forz
of the spatial frequency response as seen in Fig. 3-27. In this figure,
1F(3)! s rlotted for 0° and 90° phase shifts for -3 d3 elezent-to-

elezment coupling including 10 pairs of neightoring elements. The sa=c

[ A —

paramaters are assuzed as in Fig. 3-26. In this case, vhen a 30° phase
shift is introduced, there is a minfzun 1n the response at 2 = 0°
fnstead of a maxizum. As can be seen, interpretaticz of the spatial
frequency response can be coxplicated when the csupling is stroag.

¥ost of the arrays built by the autror had elezenis connected in
parzllel in pairs in order to introduce 2ernes in the spatial frequency

. Tesponse vhere the first izaging system gratiang sidelobes occurred.

Therefore, the angle of acceptance of one double elezent was dozinated
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by a teralike cos(kil sfn 3/2) . However, one tungsten-epoxy bdackea
arraywas built in wvhich a0.004" thick epoxy face plate was cast ontd the
froat of the array and in betweea the individual elezents. The array
has 0.0147" wide double elezents with 0.025" center-to-center spacing
between the elecents. The epoxy face plate and filler introduced
strong cross-coupling iz the array which is evident fn the angular
acceptance curves shown in Fig. 3-28. Since the curves in Fig. 3-28

are oaly showa for 13§ < 20°

, the peaks az 3 = 40° to 60° €rom the
double elezent are not seen. However, the changes in the spatial fre-

Quency response due to the cross-coupling are evident and zre strongly

freq y dependeat. A freq y varyiag phase shift could yield the
response seen in Fig. 3-28. It ig clear that filling in the spaces
between elements with material like epoxy and usiag a face plaze
acoustically different than water unacceptably degrades the spatial
frequency response of the array.

A plot of acceptance angle for a lead-backed array with a thin
Mylar face plate is shown in Fig. 3-29. Good agreezent between experi-
zeat and theory is shown in this plot with s=all cross-coupling intro-
duciag szall peaks at =23°.  in later arrays, a commercial drand (32)
plastic self adhesive clear plastic tape was aiso found to be accept-
able as a face plate and had the advantage of being very easy to apply.
This tape is 0.005" thick, {s vary flexible, and stretches easily. The
tape was applied by vacuuz sucticning the tape cown to the face of the
array. The angular acceptance of the tungsten-epoxy backed array
described in Fig. 3-1Z which uses this tape as a face plate, is shown

in Fig. 3-30 at frequencies of 2.5 Mdz, 3 MHz, and 4 MI:z, respectively.
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Experizents] angular response of an array with a large
anount of cress-coupling.
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f £ 2.5MH2
8, »25°

. 0.4
. a2 .
-60 -40 -20 ) 20 40 60
1.2

ts3MH2
6y =28°

60

NORMALIZED OPEN CIRCUIT VOLTAGE

f=4MHz
6y513°

-60 <40 -20 0 20 40 60
ANGULAR ACCEPTANCE, DEGREES
FIG. 3-30. Cozparison of theoretical and experizental angle of

acceptance of tungsten-epoxy backed array elezeat.
Saze array as shown in Fig. 3-15.
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°, and 130, respectively, are

The measured acceptance angles of 25°, 28
sonevhat less than the theoretical angles of 6B°, 38°, and 28° predicted

froo Eq. (1-2). However, there are ro large veaks or valleys i{p the -
overall bean patters. A best solution would be to use a saterial with

acoustic properties sinilar to water for the face plate. As zentioned

earlier, soze polyurethane materials zeet this requirecent.

(e
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CHAPTER IV

MONOLITHIC TRANSDUCER ARPAYS

C e W N e etk § A0S

A.  INTRODUCTION

A second type of transducer array suitable for accustic izaging
nakes use of an acoustizally =zatched monolithic slab of piezoelectric
caterial onto which inaividual electrodes have been deposited to form

4
the array ele:ents.le’lg"z

Standard photolithographic techniques

make the construction of this kied of array a relatively sizple, flexi-
ble, and inexpensive process. By acoustically matching the ceramic
with a natched backiag or with quarter-wave plates into the load, not

only weuld the bandwidth and efficiency be greatly increased as already

discussed, but also the acceptance angle can be =ade to approach the

critical angle of the load-ceramic interface.

In an uncatched transducer, waves entering the cerazic frem water
will be reflected and re-reflected within the ceramic because of the
high impedance aismatch at each surface of the transducer. These reflec-
tions add te give a streng signal near normal incidence, but at angles
other than norzal, the signal level falls radically. This can be quanti-
fied by reascning that cthe transducer respoanse is zmaximus when ki coseczv,
wnere % 1s the propagation coustant of a wave in the transducer =aterial,

2 is the thickness of the transducer, and eo is the angle of the wave

propagating through the cerazic cakes to the normal, as skown in Fig. %-1.
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An unbacked PZT-5A transducer with water on oac side has a Qa of 36
from Eq. (2-6), so the bandwidth would be only about 3%. From the
above formula, the angle of acceptance in the ceramic would be vhere
cos 8, = folfu = 0.985 or 60 = 29.9° . Froa Snell's law then, the
angle of acceptance is where the incident angle is 61 =23.4°, In
addition, the reflected waves bouncing back and forth down the zono-
lithic slab would result in strong cross~coupling to adjacent eiec-
trodes. The slotted transducer i{s free from this defect since the
only coxwurication is acoustically through the backing or face plates
or electrical pick-up.

These problexs can be overcome by acoustically matching the piezo-
eleceric zaterfal on either face.18 In this case, the Q of the
resonator will be szall, and the plane wave entering the transducer will
not be re-reflected from the matched face. Thus, there is no build-up
of field at normal incidence, and the angle of acceptance and bandwidth
will be large. An angle of acceptance approaching the critical angle of
vater to the active material can be obtained in a weil-matched trans-
ducer array. For PZT-5A (;a = &.35(10)6) , the longitudinal critical
angle in water is 20.2°. For lead zetaniobate, this critical angle is
32°,

An interesting case utilizes PVF, plastic film as the active ma-~

2
terial. Since the impedance of PVF2 is 3.82(10)6,32 a brozdband trans-
ducer with good efficiency can be easily cons:ruc:edzo without the use
of quarter-wave plates. Also since the velocity of PVFZ is only
2.15(10)3, the longitudinal critical angle is 44° vhich 1s larger than
any other piezoelectric material for this monolitkic structure. Theo-

ratical predictions of the spatial frequency response of such an array
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is tncluded in Section 4-E.

Monolithic arrays should also prove to be very useful in some non-
destructive testing applications. In this case, the zorelithic slad
could be affixed directly to a glass or metal block which would be in
direct contact with the test saaple. Alternatively, the pilezocelectric
slab could be in direct contact with the test sample. Longitud:ical or
shear waves coulc be directly coupled {nto the sample; or by using mode
conversion at 2 free boundary in the block, shear waves could be launched
into the test specimen froa a longitudinal wave array. With che ideal
izpedance match available in this case, excellent efficiency, band-
width, and broad beamwidth oparation can easily be achieved without the
necessizy of slotting. One such array was built and is described in
Section 4~F. This array, using P2T-5A on aluainuxz, sﬂoued the excellent
broad, uniforz beam pattern predicted by theory. Morolithic arrays

shoulz find wide application in nondestructive testing ipplications.

B-  THEORY OF ANGULAR DEPENDENCE OF MONOLITHIC TRANSDICER

A sizople physical picture of the angular dependence of a monolithic
trassducer elecert can de obtained by considering the simplest possible
case, that of a transducer with perfectly z=atched bazking, as iilus-
trated in Fig. %-1. A plane wave with displacezent azplitude uy is
assuzed to be incident on the transducer from the water load at an
angle ai . The longitudinal component of the refracted wave travels

in the transducer at an angle 59 deternined by Snell’s law. Assuning

that u, and T3 are continuous at the interface, the trans=ission
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coefficient can be obtained and the induced voltage ¥V expressed in
teras of the acoustic velocity azmplitude of a plans wave sntering the
array at incident angle 61 . Shear terzs are ignored for simpliciry,
and ug is taken as the displacement corresponding to a plane wave
propagating in the ceraaic at an angle eo to the z-ax{s. The =agni-
tude of the propagation constant io of the wave is deternined froz
the stiffened velocity and is ia the direction ao . In this case,

strains asscciated with the wave are

2
- -4 - - 2 -
S3 -kouo eos" 1.k0uoz cos 3, (4-1)
S, = -1k wu sinze = -fku _sin 5 ctan § (4~2)
1 0 0 ° 0 oz L otam s,

and the exponential dependence has been suppressed. Assuming open

circuit conditions (I)z = G) one then obtains the results

. e ! - = 2
T, 1, {08 8, €33+, tan eo) . %-3)
and o, = e (lre? feS ¢ ) and C., =c. (L4e_.e . /e ), and
33 33 z3" "22733 31 3177 T237z1" 317227 7
~-ik zcos 3

“‘o“oz cos eo e © ° 2

E, = s (ez3+ezl tan =°) (4=4)
zZ

where it is assuzed that exs is zero as in the case of ferroelectric

ceranics. Integratfion of Eq. (4-4) across the Iransducer gives the
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voltage in ter=s of u

, or
oz
z -1(k_i/2)cos?
{2u__e ° ° X 2 \
v = f '-_‘zdz = oz 3 sin(-o— t:osao)
0 €22 2
x {e_,+e tanza ) (4-5)
z3 Tzl T Yo

Taking u, ard ‘I3 contiruous as the interiace, the transz=ission coef-
ficient can b~ obtained a2nd the induced voltage V expressed in terms
of the particle velocity amplitude of a2 plane wave entering the array

at incident angle -31 . Eguation (4-5) then becoces

) 2 2
2ze_,v cosei[cos en + (ezlleﬁ)sin 801

. 2 - - 2
coseo + (ZTILi)cosvi[cos 5° + (cnl\.”)sin sol

sin{(2/2)(w/u )cos? }
x 2 exp[-il-;- = coseo)] (4-6)
(=/2) (w/wg)cosd \é =,

vhere 2, is the transducer izpedance, Zw the i=zpedance of water, and
-:-1 ard eo are related by Snell's Law.

Inspection of Eq. (4-6) shows that V! is zers vhere tanzé =

)
fne 1 - - £
523/221 since e, is negative in piezcelectric cera=ics. I£ e
were zero, the zero ia {V| would occur at ¢ = 90° which is the longi-

¢
tudinal cricical angle. For nonzero e, , the zero ia vl occurs for

values of ec less than 90° or equivalently for angles of incideace less
than the longitudinal critical angle. In PZT-5A, the zaro occurs at

el = 17.3° , about 3° less than the crizical angle of 20.2°. The voliage




is a maximun npear koi co3 90 -~ 3 or cos 30 - uolu . Thus, for o > 9y,
the response rises to 2 zaxizun as ei increases froa zero acd then falls
to zerxo zear the critical angle.

A oore cozplete theory taking into account shear waves has been

18,53 s rhe resvlta pregrammed for calculation on a digital

developed,
cozputer. The program can take a large nuaber of layers of isotropic
aaterials of various acoustic properties so that zultiple quarter wave
=atched and backed arrays can be evaluated. The generzl results in Eq.
(4-6) arebo—aeout by this zore ccmplicated theory as seen in Fig. 4-2.
The theoretical angular and frequency dependence for a —orolithic array
element is shown in Fig. 4-3. This transducer is azsumed tc be backed
with tungsten-loaded epoxy of izpedance 22(].0)6 and lcngitucizal veloc-
icy 1.56(10)6, where the cerazic is PZT-5A (see Table 3-2), and radiating

directly iato water. Froa the figure one can see that broad angle opera-

tion up to :15° acceptance angle can be obtiained over a 502 bandwidth.

C. EXPERIMENTAL RESULTS WITH 3ACKED MONOLITHIC ARRAYS

A five-elezent test array was constructed by soldering 1.092 =
(2 MHz) thick PZT-5A octe a thick lead backing. The array clecents were
constructed by depositiag 38 =n leag, 0.279 == wide Cr-au elcctrodes on
1.524 == centers oato the face of the ceramic slab. The angular depen-
dence of each elemen: was =easured, and the relative cutput pover is coz~
pared to the theoretical result at one frequency in Fig. 4-3. The width

of the elenent eleczrode is chosen to be szall cospared te a wavelength

v at 2.7 MHz (1.35 fo) so that the angular response is unaffected by the
. phase variation across the vidth of the electrode. Good agreesent
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NORMALIZED OUTPUT VOLTAGE

NORMALIZED OUTPUT VOLTAGE

FIG. 4-2,
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Coemparison of theoretical angular responses of a
orelithic array elezent.
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between thecry and experiment can be seen im Fig. 4~4. The =easured
response, hewever, has a pronounced peak at 6° incidence vhich {s caused
by coupling to the adjacent unelectroded ceranic. The pezks at 226° are
the result of coupling to shear waves beyond the longitudiaal critical
angle. This effect occurs in a2ll sonolithic arrays and yields a bean
pattern that fs unacceptavle in 2ost imagzing svstess where the load is
water. In the next section, a method for elizimating these large pezks
teyend é:' for water-loaded cerazic arrays will be discussed.

Iz Fig. 4-5 the effect of grouading the adjacent elezents can be
seen for the test array elezent in Fig. 4-4. It can be seen that the
angular response of the transducer is greatiy affected by this sizple
procedure and that it more closely approxizates the poiat respouse
theory discussed in the previous section. The snall size of the peaks
in the angular response beycnd e: in Fig. 4~5 is attributed to the
coupling to the adjacent ungrounded ceramic. Spacing of grounded areas
around a conolithic element appears to change the angular response of
these peaks in a complicated zanper. Grounding the entire region around
the element resuits in 2 drazatic change in the angular respoase, as can
be seen in Fig. 4-5. Ia this figure, the angular response of an elezent
from a 6J-element tungsten-epoxy backed 2 MHz monolithic darray is shown
for norsalized frequencles f/:'° =1 arnéd f/fo = 1.25. The adjacent area
is grounded. The large peaks beyond 9: are due to excitation of shear
and Rayleigh waves and is predicred by the complate aumerical theory.
The dip between the peaks correspoads to the shear-lengitudinal crizical
aagle ez . The s=all peak at 0° is due to soze capacitive pickup not
affeczed by the adjaceat grounded area. The large peaks in the angular

response =ake this sort of array useless in »ost fzaging systess. A

- 132 -

—eecrra———
TR

- TRHLEINT S o




,—f.-‘w-m._.,««‘

TR e

s

R e

ST ——

T Y e L

*Buponan OWD LD 1an 726°1 Yarm VS=l2d PaNDRY- Py AU w260+ Jo
ATV 8y Apaan MDY Buoyp wy 18°C » opa wy 6L2'n uyp oz RUL Y ] *o2uvIdaaon 30 o18un
30 Uorydung g gy (0)d  aomoy ndano OALIun TVIudwyaadxn ya tvdyana00ys o wonandwoy

$33493g .w02<.h&m00< 30 379NV
OOV ONn °¢N Gm- Om OO Oml 6w~!. val .NMI- Oo¢l.
i i~ i 4

i | oLl t i \

!
]
{
]

|
i
!
1
(A
)
|

W
1

ZHW 22 :310N
TYOILL3Y03HL ~au
TWAN3WIYIIXT —

‘9% '0la

AlLVI3y

d3M0d 1ndino 3

e

ap

- 139 -

.

-,




—— . . .

g=y 4 nU SUOTRUNWEP Amig  *iuawe(d Auxiu 18A7 dTYITlouow jo aauradande Jo aflue jo
uofIsuny v av  (0)d  aamod nd1no aAjIUEAL Ay Ho oJuswd [0 Juadulpy N0 Bujpunoal jo 10aggy

S334930 ‘IONV.LJIDOV 40 FIONV
o L0 02 QO 0 | 0O- ,02- 08~ Ot-
1 1 i 1 1 1 \

ZHWN G2°2 =4 ‘310N ./
Q3.LINOHID N3dO
S3004.193173 LN3OVrQY ---

. Q3LiN0YID JHOHS
$3004.12373 1N3JVFQV -

.
ey s RETORTIRNR
L]

te-h

8P ‘43IMOd LNdLNO 3AILVI3Y

‘D14

- 140 -

k2




THE DT A «!‘ -~

:7
-s0° 0°* +90°

(a)

125 t,
] A
! t ~
-90° o° +90°

(b)

ANGLE OF ACCEPTANCE, DEGREES

TIG. 4~6. Angular response of tungsten-epoxy backed 2 Miz oono-
lithic array eleze.. . with adjacent ceraaic grounded:
(a) f/f_ =1,
() €/g) =125 .
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soiution to this problea is to fatroduce an angular filter inco the

transducer design to cut off the response beyond ¢

o

or use a lower
velocity piezoeiectric material. These approaches will be discussed
in the next sections.

Tre bandwidths of the monolithic test array elezents reported here
are 50% as expected from the sizple icpedance matched Zransducer theory.
Howsver, a good zmatch *etween theory and experizental results for che
electrical impedance was rot obtained froz the sizple point response.
The electrical izpedance of a test array elezment £s chown in Fig. 4-7.
The flatness of the impedance characteristics is excelient and is =uch

flatter than expected froz= the sizple transducer theory.

D.  ELIMINATION OF ANGULAR RESPONSE BEYOND LONGITUDINAL CRITICAL

ANGLE

Ae seen ia the last section, monolithic transducer arrays made froa
high velocity piezoelectric ceramics radiating into a low velocity load
such as water have large peaks in the angular response beyond the longi-
tudinal cricical angle. These peaks are the result of excitation of shear
and Rayleigh waves in the cera=fc and they are undesirable in sost izaging
systezs. One method of elizinating these peaks is suggested here which
e=ploys another materisl acting as an angular filter located between the
load acd the ceranic whose properties are chosen so that the response
beyond the longitudinal critical angle is cut off. Such ar angular fil-
ter aight zlso be used to eliminate systes gratiag loYes as vell. Idealiy,
this z=agerial would have rearly the same {mpedance as the ceramic so as not

to greatly affect the overall transducer response, or the izpedance could
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SO o .

be chosen to be the first layer of a set of quarter-wave matching layers.

The angular filtering property would be achieved by choosing the matrerial I
which has wave velocity zuch greater than the load longitudinal velocity.

The angular filter would then have small longitudinal and shear critical

angles, and very little response would be ifnduced in the ceraaic beycnd

the ceramic to load longitudinal critical angle. Ideally, Vi and Vs
of the angular filter would be nearly equal so that the response would
fall off fer toth waves at zbout the same angle. 1In the angular filter

beyond the cutoff angles, the field amplitude will fall-off across the

£ilter as exp(-!ki'syl) where

. [sin 0\ 1 M2
kz = ) __2.
v, v,
and :
‘(sln 91)2 1 )1/2
k, =@ -3 - (4-8)
z ( v vz,
A s

The thickness cf the plate should be chosen so thar these asplitudes are
s=all at the filter/ceranic boundary.

A sizple case is a PZT-34 =onolithic array with a catched backing.
The theoretical angular response of an elezent is shown in Fig. ~=8 for
several frequencies. The large noruniform response bevond 2 = 18° s
evident. an 2xcellent choice for an angular filter in this case is
=zagnesiua oxide (Mg0. ZL = 36(10)6, VL = 8.85(10)6, Vs - 6.37(10)6).
The impedance of Mg0 is almest idemtical to that of PZI-5A, and the

velocities are very high and close to each other. The critical angles

are ei - 9.6° and 5: = 13.4° . The angular point resgonse vof the
c
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£iltered monolithic transducer is shown in Fig. 4-9 for several values

of MgO thickness at che half-uvave resonant freq y. The exp cial

decay froz the angular filter is evidenc fn all cases. The best choice
of thickness appears zo be about one-thkird the resonant frequency wave-
length. Below this, the decay is not rspid enough to elininate soze of
the peakiress beyond the critical angle; and above this, the decay froa
the lengitudinal cutoff is too rapid which introduces new pezks for
g < ec . A major problems, of course, with this kind of transducer is
that if a layer as thick as /3 1is applied cn zop the ceramic, the
transducer will tend to resonate ar 9.50 fo and 1.10 fo , ylelding a
double huzped bandshape and concosmitant non-ideal impuse response.
The application of this type of transducer wouid be extremely limfted.
Another possibility for a sonolithic array {s the use of quartar-
vave matching layers where one of the matching layers with a high
longitudinal velocity acts as an angular filter. One such design was
pursued theoretically using silicon (21 = 19.7(10)6. Vi - 8.43(10)6,
Vs = 5.84(10)6) 2s the first of three quarter-wvave plates. The other
iayer rnaterials were a tungsten-epoxy ccmposite (Zi = 7(10)6) and poly-
styrene (Zi - 2.5(10)6). The theoratical anguiar acceptance of this
arrangezent is shown in Fig. 4-10 for several frequencies. angular
cutoff is achieved, but the A/4 thickness of the sfilicon necessary
for optbun!z:ansducer response does not allow the fields to die cff
fast enough when 6 > 6: to prevent sone pezkiness. In addition,
Vl and Vs for silicon are far emcugh apart so that the decays froa
the two shear and longitudinal filter cutoffs are not coimcident encugh

to prevent peakiness inside 2 . Finding a suitable naterial o act

<
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3.5 i
\.\ ——= A/4 MgO
3.0} \ - sseseese X /3 MgO
AN e /2 MO
< ——2\/3Mg0
FREQ:fo
4+ 3dB POINTS
v"\
‘o
>
SN
o l -\.q.”'JELN
0 0 20 30 40 S50
ANGLE OF ACCEPTANCE, DEGREES
FIG. &~9. Theoretical angular respease of PZT-3& monolithic array
‘ elezent with M30 angular filter with a Z = 25(10)6
backing.
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ivl, x 10”3

50
ANGLE OF ACCEPTANCE, DEGREES
FIG. 4-10. Theorctical anguiar response of three-layer Juarter-wave

matched PZT-5A monolithic array elemzat using silicon .s
an angular filter and first matchiag layer.
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as both zatching layer and angular filter is a forafdable, if not
impossible, task. An array of this nature would be difffcult thez to

iople=ent in practice.

Z. PVFZ MONOLITHIC ARRAYS

As oentioned in previcus sections, large diffeveaces in longitudi-
a3l velocities betweea the piezoelectric sectica of the trausducer and
the load medfua will cause a zerc iz the angular response at the loagi-
tudinal zritical angle a2t angles like 15° for PZI-5A and water. In
addition, large peaks in the angular respoanse beyoad this poin: resuit
fros coupliag to shear waves in the transducer. These effects can be
reduced by using a piescelectric/load configuraticn where the longi-
tudinal velscities are sinilar and where the shear vave impedances of
the two =edia are fairly close.

One structure of interest uses FVF, as the pfezoelectric, backed

2

. 32
th a high i=pedance zaterial like trass, radiating into water.
8 : 4

te 220
The loagitudiral wave cuzoft is 43" as meationed earlier. The trans-
ducer would operate near a quarter-wave resonance in this case, how-

sver, since the PV‘:‘2 iz terminated at the dack essentially br an

infinfte backing fcpedance. As shown %n Fig. i-11, the theoretical
angular response of this transducer is plotred for thickaesses of
C.2 ard 0.3 of the acoustic wavelength in ?V?z. the coupling con~-

staat e was taken to be zero in these cozpurtatioas, slthough ia

13

fsct it is quite large. Later co=putstioas {acluding e and shear

13
.. 56
wave loss have been zade by Shaw, Weinstein, aad Drake. AS can be

seen, the angular response is broader than the case of cerazmic and
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vater, but not as broad as expected. In addition, there are large

peaks in the angular response beyond 9: due to the nistmatch of the
shear vave in PVF.-,. This effect may be Jargely reduced ia practice

since PVF2 is probably very lossy to shear waves. The theoretical point
respoase prograxz does not include any ioss. If these peaks are reduced
ia practice, then one would expect an acceptance angle of 30° for

f = 0.4 fo and only 7° for £ = 0.6 fe . This low angular acceptance
vas not expected and zay result froa operation of the transducer near the
quarter-vave rescnance with a reflecting backing instead of at z half-
wave resonance. The calculations in Refereance 56 show that the large

negative value of e does reduce the angular zcceptance by reducing

13
the received signal in the regime beyond the small peak at 22°. The
very strong peak in the bean pattera at 56° 1s coneiderably reduced by
introducing high shear wave loss, however. It is evident that zuch

acre work is needed to build " -30lithic transducer arrays wich

large angular acceptance.

F.  CERAMIC ON METAL MONOLITHIC ARRAYS

An izportant application of monolithic traasducer arrays lies in
the area of nondestructive testing. In this case, imzges of flaws can
be produced by directly ccupling the acoustic energy generated dy the
transducers into the sa=ple to be izaged instead of using an inter-
veaing low irpedance coupling mediuz ifke water. A longitudinal or
shear wave array of high velocity cerzzic like lead zirconate titanate
can be directly coupled inte a sample or attached to a buffer zmaterial
vhich is then directiy coupled to the sazple. The advantage of chis

tecknique is twofold. First, since many of the typicai =zterials of
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interest in nondestructive testing, such as steel, alvatnus, and ceraaices,
hare high fspedances like that of plezoelectric ceramics, a nigh efficiency,
broad baadwidch array can be easily produced without the use of quarter-vave
marching layers. also, since zhe acoustic velocities of these materials are
as large or larger thzs those of the tranaducer zaterial, tkhere are no
longitudinal-longitudinal or shear-shear critical angles, thus zlloving
broad, unifora spatial frequeacy responses for amonolithic array elecents.

To dezoastrate the use of zonolithic arrays for this purpose, a
longitudinal monolithiz array was constructed by epoxying a sladb of
PZT-5A ceramic oato an aluminus duffer block.

In che case where the lcad zediua velocity is greater than thac
of the plezoelectric materfal, there Is no longitudiral vave critical
angle. Theoretical curves were computed for PZT-5A cerazic
(771 - 6.35(10)6) radiating iato aluninus (Vt = 6.3(10)6) and compared
to experimental values for the sace coanfiguration. The experizental
data vere taken by epoxying a 0.300" x 0.031" siab of PZT-3A ceramic
oato the edge of an aluxinuz piate 2" thick by the usual trin bonding
technique. Sixty array elewents were defined on the cerazic by etching
away 2 1 pn thick Cr-Au fil= on the top surface of the ceramic. The
elexzents were 0.026" wide < 0.4250" long and the areaz around the elezents
was left covered with gold and grounded te fors a shield. The :adiation
pattern of the center elezen: was deter=ined by =achiniag zhe plate in a
cylindrical surface of 3" radius around the center of the array. A 3/4"
diazezer, 2 MMz thin disc transducer was bended to 2 block of aluminum
with 2 front surface satchiasg that of the plate. The angular resporse
vas easily checked by —oviag the traasairting plane wave transducer

around the surface 3ad recefving the signal with the center oonolithic
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array elezent as a function of angle. The angular responses for

£ = fo and £ = 0.8 fo arz showm in Figs. 4-12 and 4-11 and cospared
to theory. Excellent agreemeat between theory and experizent zre demon-
strated in these {fgures, and acceptance angles of 37° and 330, respec—
tively, are shown. Little evidence of excitation of shear waves is
seen, although the smill peaks in Figs. 4-12 and 4-13 at 40° could be
caused by this effect.

As can be seen fro= Figs. 4-12 and 4-13, excellent monolithic
transducer arrays can be consiructed for this fxportaat area of appli-
cation in nondestructivz testing. The excellent izpedance match betveen
cetals and pilezoelectric ceramics 2llous the sizple cons;ruction of
extrezely efficient transducer arrays with 50 to 100X bandwidths de-
pending on the exact properties of the zetal and ceramic used. In
addition, bdroad and uniferm spatial froquency responses are automa-
tically obtained sicce critical angle phenczena are eliminated. Mono-
lithic arrays should becom=e an izportant par: of future nondestructive

taesting izaging systeas.
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APPENDIX A
PROOF OF THE VARIATIONAL FORM OF LOAD ADMITTANCE OF

A NARROW SLOTTED TRANSDUCER ELEMENT

An expression for the effective adaizrance of a narrow slotted
elezent radiating iato an {anfinite half-space was derived in Section
3-D. In this appendix, it is shown that this expression, Eq., (3-38),
is variational ia form with respect to the assuzed stress fleld 73(x) .

The expression for the adaittance is

f T;(x)g(x.x') T4(x") dxdx’

f- *ax [1he ¢
s3q1 xfTBqlx

By definition, (3-58) is variational in fora if 5‘11 = 0 when TS(X) is

Y, (3-58)

changed only to first order. Taking the first crder variatioa in Yl .

cne obtains

—ff(sr;)'gr3 dxdx’ -ffr;'s(s'rz) dxdx’

[y E
e [f(él‘z)q;dxf?;qidx *{T3q;dx Jutye, dx]
S f Ty9,¢x
or

T.q.,dx T ’dx - —’ 3T T + Ta9 dx Q
371 33 )0\1 ( 3) s 3dxdx Yl ko § (6T3) ldx
+ T {&T xdx' + Y T dx T dx

(A-1)
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From (3-51) and (3-56), it follows that if higher crder modes are

neglacted, one obrains

:l — it q *
T&x)E&E,x)x' » -2 fT-Tas = -1 frql ax (a-2)
3 1 3*1

Y 4

and

9, .
f(GTs(x'))%'(x,x')dx' = .= (6'5‘3) qldx (a-3)
4

Substituting (A-2) and (A-3) into (A-1), one cbtaius for the right hand

side of (A-1):
RHS = - f(sr'(x)) A [ tax|ax v frat "
b ; 39ydx | dx + \’1 quldx (5‘!‘3)q1dx
i
o e - 2 e ° . "
3 X - ) ( '1‘3)ql x dx+\’1 (6‘1‘3)q1dx T,q,dx
1

Since (1/2,) H Y; , 3ll the terzs in the above expression cancel out.
Therefore éYl = 0 and Eq. (3-58) i{s a variational exprassioa for the

load impedance of a narrow slotted elexent.
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APPENDIX B

GREEX'S FUNCTIONAL FORM OF Vz(S) TOR ISOTROPIC SOLIDS AND LIQUIDS

To evaluate the effective radiation admittance of a slctted trans-
ducer element, it is necessary to determine the Greer's function ex-
pressed ia £q. (3-58). This is done as shown in Section 3-D by
applying Parseval's theorez to the numerator of Eq. (3-59). The prob-
lea then i{s reduced to determining the functional fora of vz(3) ia
terns of T3(S) for the cases where the load m=edia are isotropic solids
or liquids. These forus are deternined in this appendix.

The loadfng or backing medium is taken to be isotropic which is the
case for the backings ezployed in the tramsducer arrays. For an isotropic
=aterial, the acoustic fields can be derived from a scalar potential ¢

and a vector potential v as shown io Auld.sl‘ The velocity field is

Vs +9x35 (B-1)

where ¢ and 7 obey the wave equations
75 - andye%ind - o
(3-2)
2
V6 - andlndy « o

Since Lt has been assuzed that there is no y-dependence, Eqs. (5-1)

becose
v, = 38/3x - 3u/5z
(8-3)
v, = 38/3z + 3ofdx
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wvhere V= .
v diy
Taking sclutions of (B-2) of the form

-igx =-ig,z iwt
, L
6 = Ae e e

-18x -issz fwt
Yy = Be e e

dispersion relations are easily found to be

s +8l - il - vt
2 2
ks (u/‘ls)

Now,

wvhere X and u are the lLané constants, and
108, = avxlax
4
s, = szlaz

WS¢ l3z + 2
1»5) =- avx 3z vzléx

(8-5)

(B-5)

(3-6)

(3-7)




Substictuting (B~3) and (8-7) into (B-6), one gets for the stressez at

the boundary (z = 0) :

2 P
T, = - i—{ [x(3‘+sf) - 2ua§].\ + (2:8 9)B %c““" 8x) (8-8)
I [(zeel)a + (6% -8)s ]e““"-"" (8-9)

Since we have taken TS = 0 at the boundary, the ratio of 3/A is
found from {B~9) and substituted into (B-8). Tt =cesult is

{

8,3
. 4 2. .2, 1.2 so1 l _
T, -mzx(s +sl)+z.:{al+ 252]’,\ (8-10)
s

where the harmonic dependence has been suppressed. Now it is easily

shown that

2
¥

o =R, (2-11)
Wl
s 2

Substizuting Eqs. (B-5) inro (3-11) yields

32 ?Bi

voRom——= i . (3-12)
g -38"-287
s L

Subgtituting (B-12) into (3~19) then yields

“‘( t )f 2 2.2 2}
T, » ~— b=o—s) Je?-eH P +ua 58 (3-13)
3 w \slog®/ e !

vhere the quantity in brackers is recognized 2s the Rayleigh wave dis-

persion relation.
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From Egs. {5-3) and (8-4), 1t is easily shown that

52*5:
vz - -1:l :2_32 A {3-13)
“s

Froam Eqs. (B-13) znd (3-14), vz(:‘») can be express.d in teras of T3(3)

w8
v (3) =« -( =

In the case where the load =edium is vater, another relation is
derived in a sinilar sanner to (2-15). Since llquids can’t support
shear waves, the zediu= is sizply described by a scalar porential.

Thus

T3 = Usy sy

T3 = -—A - (3-1v)

But

or

v e - —kT (g . (3-17)

- Tt - LW

————w 0 .




APPENDIX C
INTEGRATION OF THE VARIATIONAL EXPRESSION FOR THE

RADIATION IMPEDANCE OF A SLOTTED ELEMENT -

The =ethod of integrating Eq. (3-63) is shown in this appendix

40
and is identical zo thaz of Miiler and Pursey. Since the integrand
] @

of (3-5%) is symetric, the integral / d5 becozes 2 ‘ic s .

-0

Using a norzalized wariadle § = Slks , =aking use of Eqs. (2-3), and

noting o/ = (kE/kLZi) , (3-6%) can be then written

-
xd ° afog? sta(k d/2):2
Y. = S o .
1 i 2 > 2 -~ 3
2, J, [u-zszﬂ- + Az‘Vl-z“ Y-t @z’ .
tc-"3

2 e 22 2c -1 .
where o = (Vs;\rl) o ICESY) and ¢ 1is Poisson’s ratio.

The contributions to '.’1 can be divided into three regizes as shown
in Fig. (C~1;. In the regizme 0 < I < 2, the contribution is entirely
real and corresponds to power belng carried avay by both leagirudinal and
shear waves. Froz the branch cut at I = 2 to the braach cut at { =1,
the centribution :5 both real, from shear waves, and izaginary, fro=
evrnescent longitudinal wvaves. From £ » 1 to § » e . the contributien
is entirely imaginary, arising Irom evar... . longitudinai a.d shear
waves except at the pole 53 . The cocntridbuticn frem the pole at { = 3

correspends to power rtadiated iate the Rayielgn wave.

R

P

[

"~
'




BRANCH
CUTS

PN

RAYLEIGH POLE

0 4 i 3
& PATH OF
INTEGRATION
FIG. C-1.

Schezatic drawing of path
the fntegral {a Zq. (3-65).
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The integral fa (C-1} was directly integrated numerically on a =ini-
computer using an §-point Newton-Cotes algoritha for various values of
Poisson's ratfo and elezent width. The path of intagration was taken
along the real axis taking the physically =eaningfui branches of che
fategrand at the branch cuts. The first branch cuz occurs zt £ = 2

>
and the secend at £ = 1 . These points are vhere 3 = k%- =

i &
L2 2 ; <
and és =V« - 3" = 0 . Since the physically zeaniagiul sciution for

w

=0

w

> k... and 2 > ks occurs when the waves 2re evanescenr, the proper

signs on the square voots are negative, that is

2, .z >
e S . exp(—i[-i 5°-k§ ]z)

sJ
- & 5
- [ -2
expL Y_ ‘i.s}z (c-2)
3>k,
S
Therefore Eq. iC~1) for 2 :1 2 <1,
7 2 2
% d 3 VE -a Sis(ksd/Z)i
s
".'1 - - j 3 [ 42
- a s 5 = 2 [ .2 T P B
i S [(1-2£“}i - -’.ii’*l-&“‘iz-:' Ine
(c-3)
For che regine 1 < <t e |
’ - Al 2
¥ et~ {nk £
e [ ${"-a s.a(xsdlz)‘\
Yl L - H 0 dg
~ 2 23° k3 2
ik fa-at) -y \ e
(C~%
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The Rayleigh pole occurs at ¢ = aR where
1
] - ug VgVt -0 . )

Since the Rayleigh wave velocity \'R is always less than vs .
iR > 1 . The path of iantegraticn is takea around the top half of a
circle of radius r centered at £ = 5._‘ as showa fa Fiz. (C-1). 7The

contriburion at the pole 1s deterzined froam the thecrea

iIf = (z-2a) 6(2) = a_
z~a

f G(z)dz = -z a

iz
0

vhere a_, is the residue of the pole. G(z) is the integrand of (C-4);
therefore

2

- stn(k_3.d/2) (£-5.3
a, - Js;-az (———5—3—~) ¢ 2 (c-6)

(/) | 2-5 FQ)

23 . .
and can be

The ilinic {n {C-6) has been carried sut by Vikicrov
1

directiy calculated by evaluating [CHIZE I the contribution o

S

the adaittance froz tne Ravlefgh pole is fasud to be

z 3 ¥
k,d (E;-a‘)4£;-l l

IPYEION P R P ) 7 ,:~2f
4521 253(1 2&2){,2 x ‘ca—ld-é‘a 3‘.,.((!+:)+-,;..

\Yl)& -

(€-7)
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J—

2nd

a 1
{ - e =
Re.\'l) / + Re/ + (1’_)R (c-8) s
o a

The izaginary part is sizply

i R>=

I:(Yl) - I::j +[ -9
3

1
A lirtle care zust be exercised in evaluating the seccnd iategral
in (£-9) to avoid numerical problems near the Rayleigh pole. For a

sizmple pole, the Laurant series near the pole is
po

F(g} = - +a, + a,_(i St (€0
&= &
where 3y {5 the residve. For & = (E-ER) sa21l, the first-order

&nd Digher terss can be neglected. The integrsl is then taken %2

sections 1 <z <2 ~2% anéd £ +8 < i <R whare R and 3 s&r=
2528 R sz

sivoaen o Teet ean 3rblirrary sccuracy. Ia the regize (-:R- ) 232

(5,44

~
-

the integral is si=piy 2$ao .
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